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Abstract
Organic electronic devices like organic solar cells and organic light-emitting diodes
quickly degrade in ambient conditions if left unprotected. High susceptibility to mois-
ture necessitates their encapsulation. Themaximumwater ingress acceptable to achieve
reasonable lifetimes ranges several orders of magnitudes below industrial flexible bar-
rier solutions. In this work, an electrical Ca-Test is used to optimize and investigate
moisture barriers towards their application in device encapsulation. Aside from sub-
stantial improvement of the measurement system, atomic layer deposited, sputtered,
and thermally evaporated barriers are screened and their water vapor transmission
rates measured down to 2 · 10 5 g(H2O)
m2d
at 38 C and 90%RH. Completely new encap-
sulation techniques are presented using novel molecular layer deposition interlayers
or lamination of independently processed barriers. This way, simple Al layers become
high-end moisture barriers. Furthermore, different single layer barriers are exposed to
a wide variety of climates. An in-depth analysis of water permeation mechanics re-
veals sorption governed by Henry’s law as well as dominance of interface diffusion
below the barrier at late test stages. Investigated moisture barriers are applied to or-
ganic light-emitting diodes as well as solar cells and great improvements of lifetimes
are observed. In addition, significant improvements in stability towards water ingress
are witnessed upon the integration of adhesion layers at the cathode interface. Lastly,
the great potential and applicability of this technology is showcased by the production
and aging of fully flexible, highly efficient, stable organic solar cells.
Kurzdarstellung
Organische Elektronik-Bauteile wie organische Solarzellen und organische Leuchtdio-
den degradieren in kürzester Zeit, wenn sie ungeschützt feuchter Luft ausgesetzt sind.
Ihre starke Anfälligkeit gegenüber Wasserdampf macht ihre Verkapselung notwendig.
Der maximale Wassereintritt, der für sinnvolle Lebensdauern noch zulässig erscheint,
liegt jedoch noch mehrere Größenordnungen unter dem, was mit existierenden Tech-
nologien erreicht werden kann. In der vorliegenden Arbeit wird ein elektrischer Kal-
zium-Korrosionstest benutzt, um Barrieresysteme auf ihre Anwendbarkeit als Verkap-
selung organischer Bauelemente hin zu untersuchen und zu optimieren. Abgesehen
von signifikanten Verbesserungen am Messsystem werden Wasserdampfbarrieren aus
Atomlagenabscheidungs-, Kathodenzerstäubungs- und Verdampfungsprozessen ver-
messen. Dabei werden außerordentlich niedrige Wasserdampfdurchtrittsraten von nur
2 · 10 5 g(H2O)
m2d
in einemAlterungsklima von 38 C und 90% relativer Feuchte verzeichnet.
Vollkommen neue Verkapselungstechniken werden realisiert, wie etwa die Integration
von Zwischenschichten durchMolekularlagenabscheidung oder die Lamination zweier
Barrieren, die unabhängig voneinander prozessiert werden. Dieser Prozess verwan-
delt einfache Al Schichten in qualitativ hochwertige Wasserdampfbarrieren. Des Weit-
eren werden verschiedene Einzelschicht-Barrieren einer breiten Klimavariation ausge-
setzt. Dies ermöglicht die genaue Analyse der Permeationsmechanismen des Wassers.
Es wird gezeigt, dass Sorption hier dem Henry’sche Gesetz folgt. Diffusion entlang
der Grenzfläche unterhalb der Barriere dominiert die Permeation zu späten Testzeiten.
Die untersuchtenWasserdampfbarrieren werden an organischen Leuchtdioden und So-
larzellen erprobt und zeigen große Verbesserungen bezüglich ihrer Lebensdauern. Da-
rüber hinaus zeigt sich eine stark verbesserte Resistenz gegenüber Wassereintritt, wenn
eine zusätzliche Adhäsionsschicht unter der Kathodengrenzfläche integriert wird. Let-
ztendlich zeigt sich das große Potential und die Anwendbarkeit der Ergebnisse in der
hohen Effizienz und langen Lebensdauer vollflexibler, verkapselter organischer Solar-
zellen.
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1 Introduction
The global energy supply is a sincere challenge for today’s society. Since the advent
of the second industrial revolution in the mid-19th century, energy demand has been
rising steadily. For 2012, the International Energy Agency estimated an annual con-
sumption of over 150; 000TWh in primary energy. [20] This equals a constant average
of more than 17TW— a power output equal to giving a kilogram of TNT to each living
human every 2h.1 Most of this energy is made available through the combustion of fos-
sil fuels like oil or coal. Aside from environmental effects following the massive release
of greenhouse gases, another problem arises with this source of energy: Reasonably
salvageable fossil resources are nearing exhaustion due to their long-term exploitation.
Within the past few decades, renewable energy technologies have emerged to harness
power sources that can be considered inexhaustible: Wind, tidal forces, geothermal en-
ergy, sunlight, and others. Of all renewable energy technologies, one in particular holds
much potential: Photovoltaics — enabling direct transformation of sunlight into elec-
trical energy. Though sustainable energy supply strategies best include many forms
of complimentary sources, this technology can be a key component for the decentral-
ization of energy generation. With low initial cost, almost no need for maintenance,
and little skill needed for a basic setup, this provides electrical power anywhere on the
globe.
Very recently, the material class of organic semiconductors has attracted attention.
Compounds largely consisting of hydrocarbons exhibit specific semiconducting prop-
erties that can be tailored by systematic synthesis of the molecules. With such mate-
rials, organic photovoltaics (OPVs), organic light-emitting diodes (OLEDs), and other
devices can be manufactured as flexible, thin-film stacks. OLEDs could revolutionize
lighting and display technology as they are highly energy-efficient area-emitters with
brilliant colors. [22] OPVs potentially enable highly affordable and easily providable so-
lar energy. [23] While inorganic solar cells need power-consuming silicon purification
and can only be produced in batches because of their rigidity, OPVs facilitate high-
1Rough estimate using 14:5 MJkg heat of combustion [21] and a world population of 6:5 billion. Hopefully,
there are no matches around.
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throughput roll-to-roll deposition. This allows for extremely low energy payback times
in the range of days. [24] Furthermore, lightweight and flexible organic devices could
give rise to a completely new field of consumer electronics: Rollable or wearable solar
panels, displays, and lights that can be integrated in various materials as easily applied
layer stacks around 100nm thickness.
Although high efficiencies and tunable properties of such devices have been demon-
strated, an important challenge remains: Stability. If unprotected, OPVs and OLEDs
quickly degrade in atmospheric conditions, losing efficiency and parts of their active
area. [25, 26] This largely happens due to the ingress of moisture that forms an oxide
layer at the electrodes leading to its delamination from the organic compounds. [27]
For such reactions, only traces of water are necessary — organic devices thus need en-
capsulation in order to access a competitive market successfully. Though mobile phone
displays and TVs are already realized with OLEDs, these products rely on glass sub-
strates as water vapor barriers, which provide excellent encapsulation. However, this
obviously negates unique properties, such as flexibility and low weight. Even if this is
partially feasible for OLEDs, competitive production of OPVs for a broad market needs
flexible substrates. Nonetheless, water ingress must be restricted to several orders of
magnitude below what can be provided with existing flexible barrier technologies.
The present work addresses this challenge. Water vapor barriers and encapsulation
concepts are developed, optimized, investigated, and applied to state-of-the-art OLEDs
and OPVs. In order to measure barrier properties, an electrical calcium corrosion test
(Ca-Test) is utilized. The setup gives the benefit of a large parallel measurement ca-
pability for extensive material or climate screening while keeping a good sensitivity.
To improve the latter, several distinct changes are made to the setup during this work.
Sources of error such as barrier fracture, electrical bottlenecks, and direct barrier cor-
rosion are observed. They are identified to originate from expanding Ca, corrosion
elements in the test, and direct barrier exposure to humidity, respectively. Successfully
solving these issues leads to a large gain in test sensitivity and stability. For this, thick
organic decoupling layers are introduced against barrier fracture and a local corrosion
element between Al electrodes and Ca is shifted to the full test area with an additional
Cu layer, providing homogeneity. Lastly, the addition of a polymer layer on top of a
fragile oxide barrier can completely inhibit barrier corrosion independent of polymer
thickness, deposition technique, and surface free energy. This especially highlights the
sorption mechanics as an important factor within the corrosion process.
Using the setup, different barrier systems are investigated: Atomic layer deposited
(ALD) single layers and nanolaminates of interchanging materials, opaque metal mul-
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tilayers, as well as sputtered Zinc-Tin-Oxide (ZTO). ALD nanolaminates of AlOx and
TiOx are optimized for single layer thickness within the barrier and tested for internal
stress resistance against equivalent single layers. Here, an optimum single layer thick-
ness of 1nm – 2nm is measured and an immense increase in barrier stability is observed
above 50nm total barrier thickness. Flexible alucone layers from a novel molecular
layer deposition technique show further improvement of the films’ stress resistance.
Only three layers of 12nm each provide enough flexibility to completely prevent bar-
rier fracture upon local build-up of mechanical stress. As a result, the apparent WVTR
decreases by almost four orders of magnitude. Lastly, such nanolaminates are observed
to severely degrade OLEDs upon deposition if water is used as a precursor. Ozone
precursors do not exhibit this behavior, but yield worse moisture barriers. To combine
both advantages, nanolaminate superstructures are deposited with changing precur-
sors. Thin layers of ozone-based barrier protect the device from subsequent deposition
using water precursors. This way, continuously emitting OLEDs are aged for 2000h in
ambient without signs of degradation visible to the naked eye. Metal barriers of Ag and
Al are successfully tested for their response to seeding — the introduction of ultra-thin
sublayers to alter growth and barrier quality. Al films are subsequently tested for defect
decoupling in multilayers and the formation of tortuous water diffusion paths.
Here, a novel approach is developed: Parallel deposition of single barriers is followed
by their face-to-face lamination. This way, lateral displacement of the defects is guaran-
teed and water vapor transmission rates (WVTRs) down to 1 · 10 4 g(H2O)
m2d
are realized in
demanding 38 C and 90%RH aging climates. This immense protective capability of the
metal barriers is also confirmed for the encapsulation of organic solar cells. In order to
investigate the permeation mechanics of water through high quality moisture barriers,
ZTO single layers on PET substrates are measured in an extensive climate matrix rang-
ing over 48 C and the complete relative humidity scale. In different configurations of
the barrier, a linear dependency of the WVTR on humidity is observed at constant tem-
perature. This suggests Henry’s law as the predominant sorption model. Furthermore,
distinct thermal activation of permeation is observed that additionally divides into two
temporal regimes of the test. By systematic investigation, its origin is identified as the
diffusion of water below the barrier interface. As longer pathways need to be covered at
later times in the test, this is also where a regime change occurs. To further investigate
the change in activation energy with time, an ALD AlOx single layer barrier is exposed
to a similar climate variation. Here, the temperature is changed with a constant abso-
lute humidity. A clear Arrhenius behavior of the WVTR is recorded and an activation
energy of 27 kJ
mol
is measured at late test times. A comparison to early times reveals a
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decrease in activation energy over time.
Equivalent ALD barriers are also applied to highly efficient OPVs to quantify the ab-
solute water content until degradation. This is done by direct correlation of WVTR and
lifetime. Here, two device systems are measured: A cell with conventional Al cathode
and one with additional adhesion layers to prevent delamination. Indeed, a significant
difference in their aging behavior is observed. Climate variations showcase the poten-
tial of such an approach: While conventional cells degrade strongly humidity depen-
dent, the degradation of devices with adhesion layers becomes almost independent of
the climate. Lastly, similar OPVs are deposited as completely flexible devices to test ap-
plicability of investigated encapsulation systems. With anticipated degradation times
of several months under accelerated aging conditions and almost no initial efficiency
losses, easy transferability of this technology to flexible substrates is proven. This the-
sis highlights the necessity of interface awareness: Successful market entry can only
be reached if degradation pathways and encapsulation systems are researched along-
side each other. With this in mind, organic electronics can emerge as stable and reliable
technology of the future, providing mobile and adaptive energy sources, lighting, and
displays.
4
2 Theory
This work deals with the extrinsic lifetime of organic devices and how to elongate it
using water vapor barriers. In this chapter, an overview is given on all important fun-
damentals. For a sufficient understanding of the presented results, organic semiconduc-
tors are introduced as basic components to manufacture organic photovoltaics (OPVs)
and organic light emitting diodes (OLEDs), which are described afterwards. Learning
about the main degradation paths of these devices, we continue with basic principles of
water permeation and look at special cases of interest, respectively. The last part con-
cerns water vapor barriers— different materials, working principles, and requirements.
2.1 Organic Semiconductors
Organic semiconductors (OSCs) are the fundamental building blocks that enable many
new devices. OSCs are an extensive material class situated in the field of organic chem-
istry. OSCs are largely comprising of hydrocarbons, often incorporating elements like
nitrogen, sulfur, phosphorous, and oxygen in functional groups. These materials ex-
hibit semiconducting properties, mainly meaning that they show conductivity values
between isolators and metals as well as an energetic landscape with a gap in the elec-
tronic states at the Fermi level, which corresponds to visible or near-infrared light. [28]
For a better understanding of organic devices in general, we will take a look at how
these molecules come to be, their structure, and why they have the properties of semi-
conductors. Afterwards, we will explore their basic interactions with light, their energy
and charge transfer. Quality sources for this subject are [29] and [30].
2.1.1 Building semiconductors from carbon
To understand why OSCs exhibit such unique optical and electrical properties, wemust
first consider the single carbon atom and its electrons. Carbon is the sixth element in the
periodic table. In its ground state, two electrons populate the 2s orbital and another two
electrons partially fill the three 2p orbitals. From these, hybrid orbitals arise — linear
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superpositions of those four electron’s wavefunctions. The forms which carbon takes
strongly depend on such hybrid orbitals. These always combine the 2s orbital with one,
two, or all three of the 2p orbitals to form two, three, or four sp, sp2, or sp3 hybrid
orbitals, respectively. While the linear carbon triple bonds (e.g. in acetylene) need sp-
hybridized orbitals to form, diamonds or methane use the four tetragonal sp3 orbitals.
For OSCs, the most important of these hybridizations is the sp2 form, which develops
three in-plane orbitals with an angle of each 120 in between, see Figure 2.1.1.
sp2
pz
120°
(a) sp2 hybridized carbon atom.
H H
H
H
H
H
σ
π
(b) Benzene molecule.
Figure 2.1.1: Structural diagrams of sp2 hybridized carbon (a) and the benzene
molecule (b).
If these orbitals of two neighbouring carbon atoms overlap, their electronic states de-
generate. This results in two possible wave functions: one bonding with the electrons
situated between the atoms (), one anti-bonding with the electrons facing away from
the atoms (). As the bonding type has a slightly lower energy, the electrons will al-
ways take this wave function in ground state — a  bond forms. The geometry of the
hybrid orbitals dictates that carbon atoms will form a plane of hexagonal structures,
just as it is observed for graphite and aromatic molecules like benzene. However, at
this point, there’s still one electron left after complete  bonding with the hybrid or-
bitals. The leftover electron populates a p-orbital, which is perpendicular to the carbon
plane. Using the same principle as for the  bonds,  bonds can form between two
atoms, which are a lot weaker. In graphite, this leads to a layered structure, in which
low shear forces can ablate the material — the working principle of a simple pencil. For
small molecules, this vertical layer stack does not exist. The carbon atoms’ remaining
single electrons’ wave functions spread over the molecule and form a conjugated  sys-
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tem. It is due to this extended electron landscape that small organic molecules can show
remarkable electron mobilities and conductivities greater than 1 cm
2
Vs
and 103 S
cm
, respec-
tively. [28] As Figure 2.1.2a shows, the degeneration of the  electron states furthermore
leads to a situation in the energy diagram that closely resembles that of a conventional
semiconductors: The electrons fill up the bonding  states, which are then fully occu-
pied — this is called the HOMO (highest occupied molecular orbital). All anti-bonding
 states are left unoccupied — the LUMO (lowest unoccupied molecular orbital). As no
energetical states can be found in between, this gap is equivalent to the energy gaps
in the band structures of inorganic semiconductors. Most importantly, the interaction
with light is governed by it: A gap energy of few electron volts enables the absorption
of visible light in OPVs, as well as its emission in OLEDs.
LUMO
HOMO
carbon
atom
molecule thin 

lm
Eg
(a) Benzene energy diagram.
E
[eV]
LUMO
HOMO
0
-8
-2
-6
-4
(b) Acene energies.
Figure 2.1.2: Energy diagram of benzene (a): The  orbital split generates the semicon-
ducting properties ofg the molecules. States below and above this gap
are called HOMO and LUMO. After [31]. Energy diagram of the acene
series (b): With higher order and further extended  system, the energy
gap decreases.
The most important transition for both mechanisms is that from the singlet ground
state into the first excited singlet state. In case of light absorption, the ground state
molecule has a fully occupied HOMO. Following the Pauli Exclusion Principle, its sum-
med-up electron spin S always equals zero — a singlet state. From here, the electron
will end up in the first excited singlet state if the photon energy is sufficient. Absorption
is also possible for photons with an energy higher than the gap. Even though we are not
dealing with broad bands of states like in inorganic semiconductors, as wewill later see,
this can be achieved due to the existence of vibrational states. These broaden the exist-
ing states and allow for so-called internal conversion the quick relaxation of an electron
into an energetical state from one of its vibrational states. The excess energy dissipates
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Figure 2.1.3: Jablonski diagram: Energy diagram of a typical organic semiconductor
showing its low singulet and triplet states as well as absorption and emis-
sion processes to and from them. After [29].
non-radiatively in phonon interactions with the electron going through several of these
very short-lived states.
Once the electron populates the first excited state — with a lifetime of 10 9–10 6 s
— the molecule can fall into ground state again while emitting a photon with the re-
spective energy of the drop. As also the ground state exhibits such vibrational states,
which are preferred in the process, the emitted light is generally of lower energy than
the absorbed. Both processes combined account for the Stokes shift — the red-shift be-
tween absorption and emission spectra of such materials. As the probability of absorp-
tion and emission processes is proportional to the wave function overlap of the elec-
trons before and after the transition, clever molecule design can make the compound
completely transparent for its own emitted light — a highly valuable feature for OLED
emitters. [32] Aside from the excited singlet state and fluorescence from it, the electron
can also end up in an excited triplet state by so-called intersystem crossing, see Figure
2.1.3. For spin multiplicity rules, this translation is considered forbidden and is thus less
probable. It nevertheless occurs due to spin-orbit coupling, meaning that the transition
will show much higher probability for molecules containing heavy nuclei like iridium
— a technique used in state-of-the-art OLEDs with phosphorescent emitters. Since the
radiative relaxation into the singlet ground state is again forbidden, these excited triplet
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states exhibit very long lifetimes up to microseconds or seconds. The energetical dis-
tance between HOMO and LUMO is strongly dependent on the physical extension of
the  system: The larger it becomes, the smaller the gap and the lower in energy the
interacting photons will generally be. This can be beautifully observed for the energy
gap of simple aromatic molecules like benzene, anthracene, and pentacene. Going from
one to three to five benzene rings in a row, the gap changes from approximately 10 to
4 to 3 eV [29], see Figure 2.1.2b. However, not only the energy gap, but also HOMO
and LUMO energies can be adjusted using functional groups or single substitutional
atoms like nitrogen, phosphorous, oxygen, or sulfur which have an electron-pushing or
-pulling effect. While there are general rules for molecule design, tailoring a substance
to match certain energy levels proves highly complicated in reality. Most changes in
molecular structure do not result in a single effect, but often in a combination of sev-
eral. In addition, many other properties of the single molecule are of importance in its
design. Aside from depositability — like solubility or ability to sublimate in vacuum
chambers — the transition from single molecules to molecular solids must be consid-
ered. The effects of this process are much weaker than for single atoms forming an
inorganic semiconductor as the bonding Van der Waals forces between molecules are
relatively weak [33] compared to the covalent bonds occurring between the atoms in
the molecules. As a result, their absorption and emission spectra do not change signif-
icantly. However, side groups and the molecule structure will gravely influence how
they stack and align when deposited. This results in strong differences in energy and
charge transfer properties. Even though two molecules might share the same charac-
teristics as single entities, they can nonetheless work better or worse in the otherwise
same device. This can e.g. result from different orbital overlap between single neigh-
boring molecules. The nature of charge carriers, absorbed energy and their respective
transport properties will be the topic of the following chapter.
2.1.2 Charge and energy in organic semiconductors
As their name suggest, all organic optoelectronic devices like OPVs or OLEDs have one
thing in common: They interact with light, as well as with electric charge carriers. How-
ever, the connection between the two is not as straightforward as one might presume
from inorganic semiconductors. In this section, we will discuss some important proper-
ties of excited molecule states — essentially a form of stored energy — why the excited
electron cannot be considered free, and how charge carriers and excited states propagate
through an OSC.
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In the last section, the process of light absorption was illuminated. An electron is
taken from the ground state to a state of higher energy— usually the first excited singlet
state. Where the electron was before, we now have a missing electron in the otherwise
filled-up HOMO— a hole carrying the positive equivalent of an electron charge e. Being
of opposite charge, the hole and the electron are bound by the Coulomb force — the
resulting quasi-particle is called an exciton. The exciton binding energy EB amounts to:
EB =
e2
40
1
r
: (2.1.1)
Here, 0 is the vacuum permittivity and r is the distance of the charges, which is
strongly limited to the molecule size for OSCs — generally around a few nanome-
ters [34–36]. The equation also contains thematerial permittivity , which proves crucial
for major differences between organic and inorganic semiconductors: While the latter
show very high permittivities (e.g. Si = 12), OSCs exhibit much smaller values of
1–6. As consequence, inorganic semiconductors exhibit weakly bound Wannier-Mott
excitons with only a few meV binding energy, yet OSCs show binding energies of up to
1:5 eV for the strongly bound Frenkel excitons, see Figure 2.1.4. [37] At room temperature,
the available thermal energy is approximately 25meV, enough to immediately split the
Wannier-Mott excitons into free charge carriers. This is not possible for Frenkel excitons
in OSCs. They remain bound and localized on single molecules for the lifetimes we in-
troduced in the last section until they recombine. As excitons appear uncharged, they
cannot be split with electrical field strengths that are typical for organic devices. This
obviously poses a problem for OPVs where free charge carriers are of the essence. How-
ever, excitons are able to diffuse through a material stack, which enables the utilization
of a trick to separate the charges — a subject of discussion in Chapter 2.2.1.
For now, we will focus of the process of diffusion: The exciton takes a random path
through a solidwith the excitationmoving from onemolecule to another. Themolecules
in question can be of the same or even of different types. Exciton diffusion is governed
by two effects — the Förster (resonant energy) transfer and the Dexter transfer. The Förster
transfer uses dipole-dipole coupling. The excited electron from the first molecule drops
to the ground state, a virtual photon is exchanged, and a ground state electron in the
second molecule is raised to the equivalent excited state — a pure propagation of en-
ergy. Following the optical nature of this process, three essential aspects arise: 1. No
information of spin occurs, the Förster transfer only occurs for singlet excitons. 2. A
long range of 5–10 nm is observed. 3. Spectral overlap is required for photon emission
and absorption in the two molecules partaking in the energy transfer. For the Dexter
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(a)Wannier-Mott exciton. (b) Frenkel exciton. (c) Charge-transfer exciton.
Figure 2.1.4: Different exciton types: a) Wannier-Mott excitons as found in inorganic
semiconductors exhibit very low binding energies; b) Frenkel excitons in
organic semiconductors have high binding energies and are located on
single molecules; c) Short-lived charge-transfer excitons can be found at
energy steps of different organic molecules.
transfer, an actual electron exchange carries the energy. The excitons’ electron moves to
the next neighboring molecule which trades back a ground state electron. This requires
a sufficient overlap of the electrons’ wave functions, thus limiting the process to com-
paratively short ranges of 1–2 nm. As the spin is preserved in the transaction, singlet
and triplet excitons can perform Dexter transfer in equal measure. Both transfer pro-
cesses are less likely between two different molecule types with differing energy levels
if additional energy is needed. This energy is normally provided thermally, meaning
that a strong temperature activation is observed here. For a given material system, a
diffusion coefficient DEx can be derived from the probabilities of the single processes
and their ranges. Using DEx and the lifetime of the respective excited state  , a mean
distance can be determined, which the exciton randomly covers — the exciton diffusion
length LD:
LD =
p
DEx : (2.1.2)
Typical exciton diffusion lengths range from a few to almost 100 nanometers for dif-
ferent organic molecular solids, e.g. 28 nm for Sub-Phthalocyanine [38] and approx-
imately 40 nm for C60 [39]. This strongly influences the choice of layer thickness in
OPVs, as we will later see.
The nature of charge transport differs from organic to inorganic semiconductors in
a similar way as exciton transport. Inorganic semiconductors exhibit very high crys-
tallinity, leading to the degeneration of states into broad bands. The charge carriers are
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highly delocalized, their wave functions are best described by plane Bloch waves. The
highly symmetrical and periodical lattice results in band splitting and the existence of
energy gaps. This is fundamentally different for OSCs, as they normally do not exhibit
significant crystallinity. Even for those that grow more crystalline, the effects are less
pronounced, since they only bond with weak Van der Waals forces. This results in a
type of charge transfer that is called hopping transport. The electrons and holes are lo-
calized on single molecules and hop to an adjacent molecule in the direction dictated
by an applied electric field
#
F . For a macroscopic approach, we define any materials
conductivity  by the then measurable current density
#
J :
#
J = 
#
F : (2.1.3)
If we apply an intuitive approach to the current density, this yields a much more
microscopic description: The density of charges nc each with charge q moving through
the solid at a drift velocity #v Drift.
#
J = qnc
#         vDrift: (2.1.4)
We define #v Drift by introducing the mobility  of a charge carrier:
#v Drift = 
#
F : (2.1.5)
Now, the conductivity can be broken down to parameters that only depend on the
material in question. The nature of charge transport is contained in , which for hop-
ping transport is often described with the Bässler model [40]:
(T ) = 0e
 

2~
3kBT
2
: (2.1.6)
Here, 0 is the mobility in a crystal without any hopping, ~ is the width of the Gaus-
sian density of states, kB is the Boltzmann constant, and T is the temperature. This
temperature activation seems peculiar at first, as mobilities normally decrease in in-
organic materials with rising temperature. In inorganic semiconductors, this happens
because of an increased occurence of phonons, which interact with the charge carriers
and thus hinder their movement. Formula 2.1.6 can be understood if we have a look at
the implications of a hopping transport. Figure 2.1.5 shows the exemplary movement
of an electron through a molecular crystal at an applied electric field.
On its path, the electron executes consecutive hops to respectively adjacentmolecules.
Doing so, it sometimes drops in energy, but also sometimes needs additional energy to
12
2 Theory 2.1 Organic Semiconductors
Gaussian
density of
states
E
x
Figure 2.1.5: Depiction of hopping transport in an organic semiconductor with an ap-
plied electric field: Charge carriers move over adjacent molecules and
their states showing Gaussian distribution. Upward jumps in energy are
marked by red arrows.
move on. This results from the molecules’ distribution of states. As the additional
energy, is generally provided thermally, we can now easily comprehend, why organic
molecular solids exhibit rising mobilities with rising temperature. Mobilities of the in-
trinsic organic materials cover a range from below 1–400 cm
2
Vs
for typical amorphous
and highly crystalline layers, respectively. [41] The latter show band-like transport and
do not need to rely on hopping. For most organics, this results in very low intrinsic
conductivities, e.g. 10 8 S
cm
in C60 [42]. This can become a problem in organic devices,
where an efficient charge transport is key. In order to overcome this challenge, layers
of organic molecules can be doped. This can raise the conductivity by many orders of
magnitude, as we will see in the next section.
2.1.3 Doping of organic layers
Properties of inorganic semiconductors are drastically altered if impurity atoms are
placed into their crystal lattices. These atoms then provide either too much electrons
for the lattice and thus generate free electrons (n-doping) or provide too few electrons
and generate free holes (p-doping). The approach usually taken in OSCs is similar to
some degree. However, since no covalent lattice exists, free charge carriers have to be
added to the molecules in a slightly different way. Even though there are some cases
in which atomic doping works (e.g. with caesium [43]), it is usually done via molecu-
lar doping. An additional type of molecule — a dopant molecule — is mixed into the
layer, which exhibits energy levels that either favor pushing one electron to the matrix
molecules or drawing one away. Figure 2.1.6 shows how this works for n- and p-type
doping: If the LUMO of the dopant lies below the HOMO of the matrix, an electron will
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Figure 2.1.6: Energy diagrams of organic molecules during molecular doping pro-
cesses. As electrons will occupy the lowest available state, dopant
molecules with correct energy level placement can introduce free elec-
trons (n-doping) or holes (p-doping) in a matrix. After [44].
jump to the dopant molecule (p-type); if the HOMO of the dopant exceeds the energy
of the matrix’ LUMO, an electron is given to the matrix (n-type).
Here, we can see one major problem with n-dopants: Their occupied states are very
close to the vacuum level, rendering them vulnerable to reactions, e.g., with oxygen
— they quickly degrade in air. Several novel approaches are currently being researched
towards more air-stable n-dopants. All of them trying to implement the same idea: To
first produce one or several air-stable compounds that only become an n-dopant, once
deposition commences under inert conditions, e.g., a non-reactive dimer splitting into
two dopant-monomers [45]. Another significant difference to the doping of inorganic
semiconductors are the doping ratios: Silicon is usually doped with one impurity atom
per thousand, million, or more matrix atoms; In organic semiconductors, ratios of one
to ten are very common. With this approach, remarkable increases in conductivity are
observed. For example, n-doped C60 (doped with 4 wt% of Cr2(hpp)4) reaches values
as high as 4 S/cm 1 [46] — more than eight orders of magnitudes higher than intrinsic
values.
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2.2 Organic devices
In the following section, we will go into the details of OPVs and OLEDs. Both are
considered optoelectronic devices: For them to work, not only must charge transport
be possible over the whole device area, but also light must be able to penetrate into
it from at least one side or leave it, respectively. OPVs convert incoupled light into
electrical energy while OLEDs generate light from electrical power. Because of this,
they are often considered complementary. Regarding the working principle, this is true
to some point. However, they cannot just be driven in reverse to emulate the respective
other, meaning there are significant differences in material choices and composition.
In the following, OPVs will first be covered in detail. Here, we will introduce many
aspects that are inherent to both kinds of devices. For an easier understanding, how-
ever, they will be discussed in the context of OPVs. Afterwards the working principle
of OLEDs will be presented and lastly, the degradation mechanics of both are covered.
2.2.1 Organic solar cells
After the first reasonably efficient organic solar cell by Tang in 1986 [47], many advances
have been made in their understanding, design, and of course their efficiencies. To
some degree, we will take a historical approach to the explanation of a working OPV;
meaning, we will begin with Tang’s design and introduce significant changes stepwise.
Basic principles
The working principle of an OPV can be quickly summarized: Photons are absorbed in
the active materials, the energy of the photon is transferred to the absorber molecule,
and this energy is lastly converted to an electric current. However, in this depiction,
several steps are overly simplified: As we learned in Chapter 2.1.2, excitons don’t dis-
sociate in OSCs at room temperature. The charge carriers are bound and must be sep-
arated. To achieve this and generate free charges, a part of the initial photon energy is
used.
Figure 2.2.1 shows the basic layer stack that, in principle, was already used by Tang. It
contains of two electrodes for electrical connection, one of which is transparent, as well
as two flat layers of absorbers. These exhibit a step in their HOMO and LUMO energy
levels. At the interface between the twomaterials, this step separates the charges. There,
the individual electrons and holes fall into the lowest possible energetical state they
can each occupy, resulting in an electron and a hole on two adjacent molecules. This
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Figure 2.2.1:Working principle of an organic solar cell: A photon is absorbed in donor
or acceptor layer (1) and creates an exciton. The exciton diffuses ran-
domly and reaches the interface between donor and acceptor (2). The en-
ergy step between the two materials separates the charges (3). The now
free charges are extracted through the organic layers and are collected at
the electrodes (4).
is a so-called charge transfer (CT) state which then transforms to charge separation (CS)
states as the bond between electron and hole weakens with increasing distance between
them. This process of separation happens extremely fast (hundreds of femtoseconds)
in well-working solar cells, making it very efficient. [48] To ensure efficient separation,
the energy difference between acceptor and donor LUMO should at least be 0:3 eV. [49]
Regardless of the initial absorber, the material with the higher energy levels of the two
always donates an electron, which is accepted by the other — we thus name them donor
and acceptor. At a given illumination intensity, the process of charge generation happens
at a certain rate G. Because all electrons will accumulate in the acceptor and holes in
the donor, a field is built up. If the device is not connected electrically, this results in a
potential difference between the electrodes known as the open-circuit voltage VOC .
This important parameter is given by the energy difference between the quasi-Fermi-
levels for electrons in the acceptor and holes in the donor: In the illuminated donor-
acceptor junction, free charges are generated leading to a photo-doping effect. As in a
classic semiconductor pn-junction, the Fermi-level in the middle of the intrinsic materi-
als’ energy gaps split in two, one for electrons and one for holes. [50] We can approxi-
mate the VOC as a function of the respective HOMO and LUMO energies:
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qVOC = E
a
LUMO   EdHOMO   kBT ln
 
NanN
d
p
napd
!
: (2.2.1)
Here, N is the density of states with indices a, d, n, and p for the acceptor, donor,
electrons, and holes. The variables n and p represent the electron and hole densities, which
are derived from integrating over the product of the density of states and the Fermi-
Dirac distribution.
As G increases with increasing illumination intensity, so will the VOC — over a wide
range, this happens linearly until saturation sets in. [51] Furthermore, the cell’s perfor-
mance at a given intensity is highly dependent on the illumination spectrum because of
the frequency dependent absorption, which can be seen in Figure 2.2.2 for exemplary
molecules. In order to standardize the measurement, solar cells are thus measured at
an equivalent illumination power Pill of 1000 Wm2 and a spectrum of AM1.5G [49] — the
sun’s spectrum that is observed on earth’s surface after traversing the atmosphere for
1:5 times its thickness, also shown in Figure 2.2.2.
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Figure 2.2.2: Extinction spectra and structure of typical OPV absorber materials (C60,
ZnPc, and DCV2-5T Me(3,3)) [52, 222] and sun’s spectral irradiation in-
tensity at 1.5 times atmospheric mass (global) [53].
Aside from VOC , other key parameters of an OPV can be ascertained in a simple mea-
surement: Exemplary device j-V curves are shown in Figure 2.2.3 for measurements in
the dark and under illumination. They depict the current density j of the cells versus
the applied voltage V . Looking at the energy levels of the absorbers in Figure 2.2.1, we
are not surprised, to find a rectifying behavior. As solar cells are essentially diodes, the
curves can be qualitatively described with the Shockley equation:
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j(V ) = jS(e
qV
nikBT   1)  jill: (2.2.2)
In this equation, q is the elementary charge, ni the diode ideality factor, k the Boltz-
mann constant, and T the temperature. If the device is illuminated, free charges are
generated depending on the illumination. In the equation, this is accounted for by the
negative offset illumination current density jill. In this simple form of the equation, jill
equals the current density at 0V : The so-called short circuit current density jSC , which
is a measure for material absorptivity and — in degradation terms — how much of the
cell’s active area is still working.
dark current density
illuminated current density
illuminated power
maximum
power
potential power
V
j/P
Voc
jsc
Rs
saturation
area
area
= FF
Figure 2.2.3: Current density versus voltage characterization of a typical organic so-
lar cell under illumination and under dark conditions. Additionally, the
power output is displayed for illuminated devices.
Lastly, jS is the saturation current density at which j is voltage-independent. Ideally,
jS equals jSC . Still, as Figure 2.2.3 shows, Equation 2.2.2 cannot describe a real solar cell
as it neglects series and parallel resistances Rs and Rp. A high series resistance will hin-
der charge collection as it limits the forward current. In actual devices, this is generally
dominated by lateral resistance of the transparent electrode, making it especially prob-
lematic on large-area substrates. Low parallel resistances on the other hand will induce
leakage currents, strongly reduce the jSC , and dominate the slope in negative bias. In
a working cell, this is mainly seen in the saturation SOPV = j( 1V)=jSC . Furthermore,
the respective areas of effect for Rp and Rs are highlighted within the j-V curves. To
better describe the solar cell behavior, we need to generalize Equation 2.2.2 using those
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two resistances:
j(V ) = jS(e
q(V j(V )Rs)
nikBT   1) + V   j(V )Rs
Rp
  jill: (2.2.3)
It is quite obvious that the power output of a solar cell strongly depends on the ap-
plied voltage, as shown in Figure 2.2.3. Using the maximum power Pm, we can define
the overall efficiency  of a device by:
 =
Pm
Pill
: (2.2.4)
In order to describe  using the parameters VOC and jSC , we introduce the unitless
Fill Factor FF to relate the potential power output jSC ·VOC to Pm. The Fill Factor, with
a desired value of unity, is a measure of the charge transport within the device. It’s
affected by built-in energy barriers, as well as the parallel and series resistances. The
device efficiency is now given as:
 =
jSCVOCFF
Pill
: (2.2.5)
If we consider all processes involved in power generation, as discussed at the begin-
ning of this section, we can also rephrase  in a microscopic view of the system:
 = AESC : (2.2.6)
Assuming a single photon arrives at the solar cell, the following partial efficiencies are
involved: Light absorption and creation of an exciton in the absorber layers (A), diffu-
sion of the exciton to the donor-acceptor interface before recombination (E), successful
charge separation (S), and charge collection at the electrodes (C).
The so-called external quantum efficiency (EQE) of a solar cell presents another valuable
set of information on the inner workings of a solar cell. Is is calculated as the number
of electrons generated per photon at a given wavelength. As such, the EQE allows to
identify the individual contributions of the absorber materials, since the single mate-
rials’ absorption characteristics are generally carried over to the EQE if they partake
in charge generation. Additionally, the EQE makes it possible to correct for the spec-
tral mismatch of the illumination during jV-curve measurement. [54] Even though it’s
currently possible to match the sun’s spectrum very well using solar simulators, a per-
fect match is hardly possible. [55, 56] As an artificial source cannot fulfil the standard
requirements, the source powermust be adjusted using the cells spectral sensitivity pro-
vided by the EQE. Neglecting the efficiency of absorption A in the EQE, one obtains
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the internal quantum efficiency (IQE) which only considers exciton and charge transport
in the cell.
Advanced techniques
A fundamental trade-off arises from the junction of donor and acceptor in Tang’s solar
cell concept: The diffusion length of generated excitons is finite, so we want to keep
them near the donor-acceptor interface by limiting the absorber layer thickness. At the
same time, we want to make them very thick to absorb as much light as possible. We
cannot satisfy both conditions, but we can circumvent the problem by enlarging the
interface area in excess of the device area. If donor and absorber are intertwined three-
dimensionally, as depicted in Figure 2.2.4, the mean exciton diffusion path to the next
interface is drastically reduced. To visualize, one can image alternating columns of the
two materials which make up a so-called bulk heterojunction (as opposed to Tang’s flat
heterojunction). Manufacturing such a structure is naturally not easily possible, but an
equivalent solution can be obtained by co-deposition. In case of small molecule solar
cells, donor and acceptor are simultaneously evaporated onto the substrate, as will be
later described in Chapter 4.2.1. As the molecules tend to agglomerate in a thin layer
and will again attach to existing islands in the direction of growth, roughly colum-
nar structures form. To provide sufficient reorganisation energy, the substrate is often
heated during the deposition process [57]. Very good exciton dissociation probabilities
D can thus be reached.
Another challenge in the design of OPVs (and OLEDs as well) concerns light propa-
gation inside them. Organic devices are extremely thin — normally in the range of few
hundred nanometers. That means they compare in thickness to a human hair as the
human hair itself compares to a magnum bottle of champagne. Therefore, the incident
light cannot be described using ray optics; Its nature as an electromagnetic wave must
be considered, because the wavelength of the visible light is situated in the same order
of magnitude as the device thickness. A simple way to explain is depicted in Figure
2.2.5b. Here we see an OPV being traversed by visible light. The wave is reflected at
the metallic back contact and travels back. While doing so, it passes and interferes with
itself. A standing wave builds up. As a result, for a given wavelength, the strength of
the optical field varies with depth and each layer thickness must be chosen carefully
for a well working device. Mainly, a high optical field is desired in the active layers in
order to maximize absorption (or emission for OLEDs). Also, parasitic absorption in
other layers should be minimized and incoupling probability can be maximized using
similar approaches as anti-reflective coatings on glasses. [58] In addition to the metal
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Figure 2.2.4: Different types of absorber junctions in organic solar cells: Planar hetero-
junctions (a) show a dominant trade-off between exciton separation and
absorption; Bulk hetrojunctions can mitigate this problem by interdigita-
tion of the two layers. Ideally, no isolated regions of a single material are
generated (b), though this typically happens to some degree (c).
reflection, every dielectric interacts with the light according to its frequency dependent
refraction and extinction indices — n and . Not only will different materials have dif-
ferent optical path lengths with changing n and different absorption with changing ;
every interface will generate a reflection — a phenomenon that is more pronounced
for higher changes in n. As complex as this problem gets, it can be surprisingly well
handled by well-written algorithms in computer simulations. In order to maximize the
absorption, the active layer is wedged between wide bandgap materials, allowing for
transparency in the visible spectrum of light. The materials are chosen to allow for easy
charge carriers extraction, meaning two things: The respective transport levels of ab-
sorber and transport layer must align, as depicted in Figure 2.2.5a, and the materials
must be highly doped to prevent a significant voltage drop. On the donor side, the
material is p-doped and called hole transport layer (HTL), on the acceptor side, we find
an n-doped electron transport layer (ETL). It should be noted here that excitons reaching
the interface to either one of these layers are reflected due to the high energy gap. The
resulting device consists of a p-doped layer, followed by an intrinsic and an n-doped
layer — the so-called pin-concept [59].
Naturally, we must not only align the transport levels of HTL and ETL, but also the
work functions of the respective electrodes. This proves rather unproblematic for the
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Figure 2.2.5: a) Schematic energy diagram of the pin-concept in organic solar cells.
Highly doped transport layers reflect excitons and allow for adjustment
of thin-film optics in the device. After [60]. b) Depiction of an optimized
OPV stack with a tuned optical field. The field maximum is situated in
the absorber layers.
p-doped side. However, as previously discussed in Section 2.1.3, the n-doped side of
the device generally shows energies close to the vacuum level. This results in the use of
highly reactive metals like calcium as cathode, which leads to an extremely fast degra-
dation, as we will see in Section 2.2.3. Using higher work function metals on the other
hand results in the formation of a Schottky contact, see Figure 2.2.6. Electrons move from
the high organic energy levels to themetal, creating a space charge region. The resulting
energy barrier prohibits electron movement. Fortunately, the use of vacuum evapora-
tion allows for application of thin layers of pure dopant molecules at the organic-metal
interface. Because of the over-abundant free charge carriers, such an interface doping
results in a well-conducting tunneling contact. [61]
In the design of OPVs, a desire for a maximized complementary absorption is evi-
dent. Ideally, all of the incident light should be absorbed. This can for example be done
using a so-called cascade cell [62]. Instead of two absorber layers, three or more are used
in flat heterojunctions with consecutive steps in their energy levels. All materials can
contribute to the charge generation, since the excitons can be transmitted via Förster
transfer to lower gap materials. If thin acceptor layers are used, these devices can reach
remarkable efficiencies of over 8%. Another possible approach is the Tandem architec-
ture. Here, two normal OPVs — subcells— are stacked on top of each other. This way,
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Figure 2.2.6: Different types of junctions between metals and organic semiconductors.
As the Fermi level inside the organic material must aling with the metal
work function, the band edges and vacuum level bend creating different
contact types. If level alignment in a device does not allow for an Ohmic
contact (a), a Schottky contact (b) forms, creating an energetical barrier.
This hinders charge extraction. However, by highly doping the interface,
a tunneling contact (c) can be created, which closely resembles an Ohmic
contact in electrical behavior.
they can contain up to four complementary absorbers. To ensure illumination of all sub-
cells, doped transport layers are used in between. Here, opposite charges recombine,
however the single voltages add up, strongly enhancing the efficiency. Such recombi-
nation layers can also be used in single junction devices to create e.g. pnip-devices. This
can for example suppress certain degradation paths, as we will later see.
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Figure 2.2.7: Three different OPV concepts aside from standard pin cells: Cascade cells
(a) incorporate three flat absorber layers in a continued energy step. All
materials contribute to charge generation; Tandem cells (b) comprise two
active layer junctions which are stacked using a recombination contact.
The voltage of both subcells adds up, however the worse subcell limits
the current; Such recombination contacts can also be used in single junc-
tion cells for better energy alignment or stability reasons. This results for
example in a pnip-cell (c).
2.2.2 Organic light emitting diodes
Of all organic semiconducting devices, OLEDs currently have achieved the largest mar-
ket success. Mostly display technology for smartphones and even for larger areas like
TVs is making use of their brilliant tunable colors and high angle stability. Additionally,
OLEDs show very good energy efficiencies for colored and white light emission— gen-
erally a must for lighting applications. As area emitters, they could provide pleasant
ambient light as opposed to conventional point light sources. In the following sections,
wewill cover the OLEDworking principle with increasing complexity of the layer stack.
Working principle
OLEDs can be made as simple as a single organic emission layer (EML) between two
contacts. If electrons are injected on one side and holes are injected on the other, they
will form excitons upon their encounter. As discussed in Section 2.1.1, these can re-
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combine under emission of a photon. Such a device is schematically depicted in Fig-
ure 2.2.8. Aside from simplicity, the approach does not hold much promise. OSCs are
generally good conductors for either holes or electrons, but not both. For a primary
electron conductor, the holes will exhibit very low mobilities. While the electrons easily
travel through the material, the holes are much slower. The recombination zone—where
excitons are formed and ideally emit light — consequently forms directly at the hole in-
jecting contact. As discussed in Section 2.1.2, excitons can diffuse until the end of their
states’ lifetime. While this is necessary in OPVs, it becomes a problem in this OLED. The
probability for an exciton to be quenched non-radiatively upon reaching the electrode
is very high, making the OLED inefficient. For our example, this can be circumvented
by simply adding a HTL at the hole injecting contact, as also depicted in Figure 2.2.8.
The electron movement will now be hindered by the energy barrier at the EML-HTL
interface, thus shifting the recombination zone here. Excitons are unlikely to reach the
cathode and cannot enter the HTL because of the higher energy gap. Yet, this system
still presents a major flaw of optical origin: As aforementioned, the optical field maxi-
mum should reside in the light emitting part of the OLED for a high quantum yield. We
could build such a device, but it would require a very thick undoped EML, over which
high voltage drops occur, causing a low efficiency. As for OPVs, the solution utilizes
transparent, doped transport layers on both sides of the EML. Additionally, thin, un-
doped electron and hole blocking layers (EBL and HBL) now enclose the EML for a more
effective localization of the recombination zone.
The light emitted from the recombination zone now isotropically spreads within the
device, leading to additional challenges. Most prominently, a high fraction of the light
arrives at the transparent electrode under a significant angle. Depending on the sub-
strate’s refractive index at this end of the device, much of it will undergo total internal
reflection — the light is trapped inside the OLED. As a solution, structured substrates
are often used to allow for outcoupling of additional light under the respective diffrac-
tion angles. At this point, it should again be noted that a low spectral overlap between
emission and absorption spectra of the EML material is of paramount importance. If a
significant spectral overlap exists, much of the emitted light will directly be reabsorbed.
Today, OLEDs can be produced in virtually any color [63], including white, with power
efficiencies of up to 90 lm
W
[22] or beyond using novel approaches like delayed fluores-
cence. OLEDs normally lose staggering 75% of efficiency due to spin statistics. Here,
triplet excitons are harvested by thermal conversion to singlet states. Though this is also
possible using phosphorescent emitters, those exhibit shorter lifetimes. [64] Nowadays,
OLEDs can be processed with an intrinsic stability of over 10000h. [63]
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Figure 2.2.8: Three OLED principles: In a simple approach an emitter layer can directly
be contacted electrically (1). However, the stack is greatly improved by
adding a hole transport layer to define the recombination zone (2). An
advanced OLED stack also includes an electron transport layer for optical
tuning, as well as charge blocking layers on both emitter sides for a well-
defined recombination zone.
2.2.3 Degradation of organic devices
Degradation in organic devices generally means the deterioration of efficiency after pro-
cessing. By definition, a device is degraded if its efficiency has reached 80% of its initial
value — with T80 being the time until degradation. [65] Similarly, T50 marks the half
efficiency point. If an OLED or OPV is brought into direct contact with ambient air
this normally happens quite fast: The device is rendered useless on a time frame from
minutes to days. However, this does not mean that they are intrinsically unstable. In
this section, we will take a look at mechanisms behind degradation: Under inert con-
ditions (intrinsic degradation) and under the influence of water vapor and other gases
(additional extrinsic degradation). Discussing similarities and differences of OPVs and
OLEDs, we will find that the dominant pathways of degradation are the same for both
device species — an important fact for most of the experiments in this work. Lastly in
this section, we will examine the use of degradation times T80 and T50.
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Intrinsic degradation
Intrinsic degradation encompasses all mechanisms of deterioration in a device that hap-
pen after manufacturing, but that do not need the presence of water vapor or other at-
mospheric gases. Categorization is not trivial, as often times synergies arise between
degradation causes and multiple processes are triggered at once. As a result, classifi-
cation in literature alternately follows cause, process, or stack position. A good overview
on intrinsic degradation can be found here: [65]. The following paragraphs will give an
overview on the most prominent pathways of intrinsic degradation and provide insight
into this complex matter:
PHOTODEGRADATION
Incident light — usually UV — can carry enough energy to induce changes in
molecular structure. This is often described as the main factor in chemical degra-
dation. In addition, UV-light shows synergies with oxygen ingress. [66] Here, oxy-
gen molecules form radicals upon interaction and can subsequently alter and dam-
age OPV materials. Another grave problem — to which we will return in Section
2.4.3 — is the photostability of polymer substrates. Common polymer films that
are economically feasible, like PET or PEN, will strongly deteriorate under UV-
illumination: Loss of flexibility leads to cracking, which is likely to result in encap-
sulation failure. [67] Yellowing leads to additional absorption in the substrate. [68]
ADDITIONAL CHEMICAL ALTERATIONS
Chemical changes in organic molecules can be triggered under different conditions.
In actual applications, they are subject to fluctuations of electric field strengths as
well as temperature — easily covering over 80K from coldest to hottest working
temperatures. Deterioration of less stable molecule species can thus occur, leading
to changes in absorption or charge transport. [66]
MIGRATION
Constituents of single layers can migrate through the device — a process activated
by temperature or electric fields. This can influence functionality. In case of metal
layers, often shunts paths are formed [25, 66]. Another well documented case is
indium migration from the transparent electrode material indium tin oxide (ITO).
Especially upon electrode corrosion — e.g. if in contact with acidic materials like
PEDOT:PSS — indium atoms are released at the interface and diffuse into the or-
ganic layers. In addition to shunts, this can induce unwanted energetical states
and lead to luminescence quenching in OLEDs. [69–71] Other migration processes
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include the inter- or demixing of organic molecules, e.g. single species molecule
accumulation from a bulk hetero-junction at an interface [72].
RESTRUCTURING
Morphology of organic and inorganic layers drastically influences device perfor-
mance. Many aspects of organic devices are governed by structure — from cry-
stallinity-dependent charge carrier mobility [73], to roughness-induced function-
ality [62], to the interface area in BHJs that can change because of molecule ag-
glomeration [74]. As we will see in Section 2.4.1, thin-film structure depends on a
multitude of factors and can undergo changes if this is energetically beneficial to
the system. For example, mean sizes of agglomerates in BHJs [66] or optical and
electrical properties of transparent metal electrodes can change over time [1].
Extrinsic degradation
As shown in many investigations, degradation of state-of-the-art organic devices is
dominated by extrinsic factors. [25,27,75–78] In particular, oxidation of the device cath-
ode upon ingress of reactive gases can be identified as the main path for efficiency loss.
An oxide layer forms at the interface between organic materials and the metal layer,
which is normally made of aluminum or silver. As the adhesion between these two
layers is generally very poor, the electrode delaminates. The underlying part of the cell
can no longer be contacted from both sides — active area is lost. [25,27,77,79] In OPVs,
this can be seen in a jSC-loss, OLEDs display this process much more directly in the
formation of so-called dark spots. Figure 2.2.9b depicts this phenomenon, which shows
another important factor in device degradation: It typically occurs around defect sites
in their encapsulating barriers. At these so-called pinholes gases can ingress and cause
the process described above. A very graphic way to display this has become known
as the Scotch tape test [26, 77]: The cathode of an aged device is pulled off by simply
applying and removing adhesive tape. Afterwards, a new cathode is evaporated onto
it, which almost completely restores its efficiency to the initial value.
In addition to oxide formation, other deterioration can occur inside the device un-
der influence of ambient gases. Organic molecules can undergo oxidation with wa-
ter and oxygen, completely changing their structure and properties. This is linked to
their energy levels: Molecule species with a low ionisation potential will generally react
faster. [80] This can be seen in the low air-stability of n-dopants. [81]
Aside from the processes discussed in this and the last section, many interactions
of single causes can occur, creating new degradation pathways. Predicting those is
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cathode
oxide
substrate
moisture
ingress
pinhole
(a) Organic device extrinsic degradation principle. (b) Degraded OLED.
Figure 2.2.9: Schematical drawing of the extrinsical degradation process of OPVs and
OLEDs (a): Water ingresses through pinholes in the cathode. At the
cathode-organics interface an oxide layer builds up and delaminates the
cathode locally. Active area is lost, as can be seen in a photograph of a
partially degraded OLED (b). Here, non-emitting dark spots mark inac-
tive areas.
extremely difficult, not only because of the many influencing factors that can cause one
of the mentioned processes; The multiplicity of different materials and layer stacks that
are used in manufacturing devices is making a full understanding of organic device
degradation close to impossible. Luckily, it can be broken down to the dominating
process — cathode oxidation. Additionally, we will further assume that this process is
mainly triggered by water ingress into the devices, as has been shown multiple times
for the devices used in this work. [25–27,66, 77]
Aging interpretation
In this section, we will take a look at typical aging data of organic devices and intro-
duce technical terms to describe, formulas to calculate, and models to interpret it. As
we have established, the dominating cause of degradation for the devices used in this
work is water ingress. This is true for long aging times. However, shortly after fabrica-
tion, efficiency decrease is governed by other processes — the so-called burn-in. Figure
2.2.10 shows a exemplary aging curve for an OPV. After 150 hours, the efficiency drops
linearly with time. This correlates with constant water ingress, subsequent cathode de-
lamination and active area loss. During the first 150 hours, the sample shows a highly
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non-linear behavior. These processes are largely intrinsic, because the sample is dry
in the beginning and a steady-state gas diffusion has to build up first, as we will see in
the next section. The burn-in regime can be traced back to several intrinsic degradation
pathways, which take place on rather short time scales before they reach an equilibrium
state. The described aging curve can be well-approximated using a stretched exponen-
tial decay:
(t) = 0   Ae  t  Bt (2.2.7)
In this empirical formula, 0 is the initial device efficiency,  and A are time and
magnitude factors for the burn-in, B is the later degradation slope, and t is time.
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Figure 2.2.10: Aging data for an organic solar cell with DCV2-5T:C60 absorber junction.
Non-linear burn-in effects can be seen in the first 150 h. Afterwards, the
efficiency decrease is dominated by water ingress and takes on a linear
form.
It should be mentioned that some investigations don’t find a linear regime in aging
studies, but observe steadily decelerating degradation. This can be explained by diffu-
sion — a matter we are going to explore in depth in the next section: If water ingresses
at a pinhole, it will, at first, oxidate the nearby cathode. However, at later stages, the
water needs to diffuse increasingly further to reach unoxidated parts. [27, 82]
At the beginning of this section, degradation times T80 and T50 were introduced. Such
definitions are necessary for mutual understanding not only in scientific discourse.
However, they can also become misleading. For an actual application, neither of these
times is necessarily the period a device should stay in use. For OLEDs, this becomes
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obvious in Figure 2.2.9b: Once a dark spot has grown to a certain size, it becomes visible
to the naked eye in lighting uses. In display technology, single pixels will stop function-
ing. Either is potentially intolerable for the product. In OPVs, the use of a device can be
easily expressed in the revenue it generates over time. The amount per unit of time is
decreasing with degradation. However, the longer the modules stay in use, the cheaper
they become per unit of time. As a result, at a certain point of degradation, installing
newmodules is economically more valuable than harvesting the reduced revenue from
the old ones. Assuming a static market for modules and energy and neglecting burn-in
processes, this problem yields:
Revenue per time = ( PillMWs(0Tx   a
2
T 2x ) Mmod)
1
Tx
(2.2.8)
with mean illumination Pill, revenue per generated Watt secondMWs, time until cells
are degraded to x percent of initial efficiency Tx, degradation speed a, and module cost
Mmod. The optimum Tx is found when the revenue per time reaches maximum. Equation
2.2.8 is derived by Tx and set equal to 0:
Tx =
r
2Mmod
aPillMWs
: (2.2.9)
This means the device should be renewed once it reaches x% of efficiency with:
x = 100  100
0
r
2Mmoda
PillMWs
: (2.2.10)
As we can see, Tx and x are highly dependent on the degradation speed, which
depends on two factors: Device susceptibility in water mass per square meter for a
given degradation level and speed of water ingress. The first is constant for every
device architecture. (However, different architectures can exhibit drastically different
values. [83]) Typical, evaporated small molecule cells showed a degradation amount
mT50 of 25 mgm2 in an investigation by Klumbies et al. [27] This values marks the absolute
amount of water needed to degrade the device to 50% of its initial efficiency. The speed
of water ingress displays the quality of the device encapsulation and is usually given as
a so-called water vapor transmission rate (WVTR). In the next section, we will introduce
the theoretical models for water permeation. Thus, better understanding of the origin
and nature of WVTR values will be possible.
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2.3 Permeation theory
Last section, we identified water vapor as dominant cause for device degradation. To
understand the physics of device degradation, it is important to understand the funda-
mental permeation mechanics of water in materials of interest —mainly polymer films,
glues, barriers, and of course: air. To give an overview on all processes involved, we
will follow the typical water ingress into devices: From the surrounding air through
a barrier foil — adsorption, diffusion, desorption. In general, the processes discussed
here are well described in literature: [84–86]. To quantify, the permeation coefficient P
is introduced as the product of diffusion coefficient D and sorption coefficient S:
P = DS (2.3.1)
Our starting point being air, we first need to know how much water it can hold.
Consider a closed volume of air above a liquid water body: As the kinetic energy of the
water molecules in the liquid areMaxwell-Boltzmann distributed and a certain exit energy
is needed for them to enter vapor phase, some can exit while most cannot. Since these
are the fastest, this is cooling the liquid. The reverse process occurs as well, eventually
bringing the system to equilibrium state. The partial pressure Sat that settles above
the surface presents the maximum amount of water vapor in air at a given temperature
— the relative humidity (RH) equals 100%. If the temperature (T ) of the system is in-
creased, more molecules are able to exit the liquid per unit of time, which also increases
Sat. We can use the empiricalMagnus formula to calculate Sat in dependence of T : [87]
Sat = 6:1094 · e
17:625T
243:04+T (2.3.2)
Now, the absolute humidity (AH) simply becomes a product of Sat and the relative
humidity (RH). At this point, it should be mentioned that the equilibrium water vapor
content can be adjusted below normal saturation level using additives. [88, 89] This
is displayed in Figure 2.3.1. Solving sulfuric acid inside the liquid water body will
influence  in dependence of the concentration. Many salts show similar properties,
with a distinct advantage for this work in particular: In saturation, different salts exhibit
different relative humidities from appr. 10% for LiCl to 90% for Na2SO4. If water vapor
is constantly diverted from the gaseous phase (e.g. to conduct a measurement), the
humidity will gradually change for an approach using sulfuric acid because of changing
concentration as water evaporates. Using saturated salt solutions, this does not occur,
since the salt always remains in saturation.
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Figure 2.3.1: Equilibrium water vapor parital pressure versus temperature over dif-
ferent solutions: Pure water, as well as different aqueous saturated salt
solutions.
2.3.1 Sorption
Sorption presents the interface process between a solid (e.g. a barrier foil) and a gas
volume. Its coefficient S links the gas concentration in the solid c to the partial pressure
in the air:
c = S (2.3.3)
S can depend on amultitude of things, including the temperature, the chemical prop-
erties of the involved materials, the microstructure of the surface, as well as  and
c themselves. Its origins lie within Van-der-Waals forces (physisorption) and chemical
bonding (chemisorption). In the first case, the weak dipole-dipole forces do not alter the
surface. However, the strong interactions in the second case do, as we can see e.g. in
corrosion processes. [90] Changed molecule structures then potentially promote differ-
ent conditions for further sorption. Chemisorption thus becomes more complicated to
quantify than physisorption. In systems which are solely driven by physisorption, S
follows Henry’s law: Expressing a linear relation between c and  — making S a con-
stant in Equation 2.3.3. For other systems, different sorption models exist, accounting
for various mechanisms that restrict or enhance sorption:
LANGMUIR MODEL
In the Langmuir sorption model, the rates for adsorption and desorption are de-
33
2 Theory 2.3 Permeation theory
pendent on the fraction of either free sites on adsorbent molecules or occupied sites
respectively. In equilibrium, this results in the maximum of a single monolayer of
adsorbate on the surface:
S =
cmono
A exp[ Ead
RT
+ ]
: (2.3.4)
In this equation, cmono is the concentration for a fully occupied monolayer of adsor-
bate, A is a constant related to the system in question, R is the ideal gas constant,
and Ead is the heat generated during adsorption. [86]
BRUNAUER-EMMETT-TELLER (BET) MODEL
The BETmodel is an extension of the Langmuir model, which accounts for sorption
on adsorbent as well as adsorbate molecules. The formation of multiple monolay-
ers becomes possible, an important addition for water vapor. With constants B and
C, the sorption coefficient yields: [91]
S =
B
(Sat   )

1 + (C   1) 
Sat
 (2.3.5)
CAPILLARY CONDENSATION
If vapor above a surface is supersaturated, a liquid phase will form on it — con-
densation sets in. This process is commonly known for cold surfaces in humid
environments. However, it can also be triggered by a curved microstructure of the
surface, so-called capillary condensation. [92] If vapor is spatially confined, e.g. in a
micropore, Van-der-Waals forces between the molecules increase in comparison to
the non-restricted case. As the interaction becomes stronger, this effectively lowers
the partial pressure needed for condensation. Once enough vapor is adsorbed on
the surface, the formation of a meniscus is energetically favored. The presence of an
interface between vapor and a curved liquid surface is then governed by the Kelvin
equation [93]:
ln


Sat

=
2HV moll
RT
: (2.3.6)
Here,  is the surface tension of the liquid, V moll is the liquid molar volume, and H
is the mean curvature, which is inversely proportional to the radii of pore (rp) and
meniscus (rm). With increasing negative curvature,   Sat and further conden-
sation occurs until the capillary is filled.
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DUAL SORPTION MODEL
Many other sorption models exist for special purposes. The dual sorption model is
a linear combination of the Langmuir model and Henry’s law. It is widely used to
model the sorption behavior of glassy polymers and accounts for the normal matrix
(Henry’s law) as well as microvoids inside it (Langmuir). [94]
As can already be seen in the equations 2.3.4 and 2.3.6 governing the Langmuir
model and capillary condensation, an exponential temperature dependence is usually
expected during sorption. This so-called Arrhenius-equation describes a typical temper-
ature dependence for chemical reactions [95–97]:
S(T ) = S0 · e 
Ead
RT : (2.3.7)
If the adsorbed molecules are soluble in the solid, they will go into solution and build
up a concentration c1 directly below the surface. This initiates a diffusion process.
2.3.2 Diffusion
Diffusion generally describes a mean flow of matter that originates from a concentra-
tion gradient. The flow is always directed from high to low concentrations. However,
there are different forms diffusion can take depending on medium, microstructure, and
diffusing substance, which in this work is always water. In this section, we will dis-
cuss different diffusion models accordingly. However, following our example, water
vapor has now built up a concentration c1 below the surface of a barrier film. Assuming
the upper part of the film is a homogeneous polymer, bulk diffusion will commence
according to the Fickian laws of diffusion.
Fickian laws of diffusion
The first law of Fickian diffusion establishes a relation between a given concentration
gradient
#rc and a resulting matter flux J :
#
J =  D #rc (2.3.8)
Considering our example, we assume the barrier film with thickness l to be dried
before use. The concentration c0 on the opposite side of water adsorption becomes zero
and Equation 2.3.8 simplifies to the following one-dimensional form:
J =  D@c
@z
=  Dc1   c0
l
=  Dc1
l
(2.3.9)
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Since aging devices react with the ingressing water, c0 is assumed to stay at zero, as
water is immediately gettered upon entry. The flux of water J thus becomes a first ap-
proach to a steady-state WVTR. We arrive at Fick’s second law, if continuity is applied
to Equation 2.3.9. The spatial derivative of water flux must equal the change in concen-
tration over time, because mass must be conserved. This now enables the calculation of
time dependent diffusion:
@c
@t
=   @
@z
J = D
@2c
@z2
(2.3.10)
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Figure 2.3.2: Typical data for the total amount of water ingress through a barrier foil
over time: The time it takes for a steady-state diffusion to settle in is called
lag-time.
Looking at the starting conditions of this scenario, it becomes obvious: The system
must undergo a transient regime before settling to steady-state diffusion, where J is no
longer dependent of time. The time it takes to reach steady-state diffusion is generally
called lag-time (Lag), as depicted in Figure 2.3.2. During this period, the WVTR of a bar-
rier can be only fractions of its steady-state value. Additionally, as we will see in Section
2.4.2, lag-times can last significant amounts of time. This means that organic devices can
not only be protected by low steady-state WVTRs, but also by longer lag-times. The ab-
solute amount of water ingressQ(t) can be obtained by solving the differential Equation
2.3.10 [98, 99]
Q(t) =
Dc1
l
t  lc1
6
  2lc1
2
1X
n=1
( 1)n
n2
exp

 
n
l
2
Dt

(2.3.11)
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Structure-driven diffusion regimes
So far, we have looked at the relatively fast diffusion of water in homogeneous poly-
mers. However, even polymers designed to prohibit diffusion fall several orders of
magnitude short from protecting organic devices by themselves. Consequently, all bar-
riers with a significantly low WVTR contain at least one inorganic material. For this
work, diffusion inside the bulk of inorganics like oxides, nitrides, or metals can be ne-
glected. Instead, all measurable contributions to overall permeation through a barrier
film originate from defects [86, 100] — different kinds of which are displayed in Fig-
ure 2.3.3. In literature, they are generally divided in three categories: Lattice interstices
(1–3Å), nano-defects (3–10Å), and macro-defects (above 10Å). [101] Since oxygen and
water molecules are too big to fit through lattice interstices, those are negligible re-
garding overall permeation. In fact, even nano-defects do not contribute measurably
to the WVTR, which has been found to be dominated by the aforementioned pinholes
—macro-defects of few hundred nanometers to several microns in diameter. These pin-
holes can be identified as the main problem in manufacturing barriers for organic de-
vices as they continuously prove to be hard to get rid of. They can mostly be attributed
to substrate issues, many of which arise from particles. However, some persist even
under cleanroom conditions, which can be related to defects in the substrate. These
can for example be small crystalline areas, microscopic scratches, or areas of differing
wettability. [102, 103]
substrate
nano-defects
0.3 - 1 nm
macro-defects
> 1 nm
lattice
interstices
0.1 - 0.3 nm
Figure 2.3.3: Defect types classified by size. After Roberts et al. [101]
Inside the pinholes, as well as at the emerging interfaces, diffusion can differ from the
bulk behavior. For these cases,D is highly dependent on the dimensions — namely the
fraction of the molecules’ mean free path l and the hole diameter d. As an approxima-
tion, d can also be seen as the interface thickness. This can be expressed in four regimes,
as also depicted in Figure 2.3.4 [92, 104, 105]: Capillary condensation (extremely small
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Figure 2.3.4: Influence of structural dimensions on the nature of diffusion. According
to the ratio between pore diameter and mean free molecule path, Knud-
sen et al. classify different regimes: Inside capillaries (a), along interface
walls (b), jumping between the interface walls —also called molecular
flux (c), and bulk diffusion.
d), diffusion along the interface walls (d l), molecular flux (d  l), and bulk diffusion
(d  l). Even if the same materials are involved, these structural differences can result
in different diffusion coefficients. Additionally, the typical temperature dependence
varies: While the molecular flux diffusion is proportional to
p
T , all other regimes ex-
hibit Arrhenius dependencies with potentially varying activation energies EA. [97] In
reaction kinetics, EA gives a value of energy it takes to start a chemical reaction. A pa-
rameter which has an Arrhenius-dominated temperature dependency will exhibit the
biggest changes for 0:1 < EA
RT
< 5.
D(T ) = D0 exp

 EA
RT

: (2.3.12)
2.3.3 Permeation models
In the following section, we will use the previously discussed formulas for sorption
and diffusion to define a mass flux through a barrier film. Doing this, we will introduce
increasingly complex modelling systems to account for the defect-driven character of
inorganic barriers, following [86]. As starting point, a simple polymer film is consid-
ered. Water is adsorbed on one side assuming validity of Henry’s law and immediately
gettered in a reaction on the other side. Starting with Equation 2.3.8, the steady-state
flux J1 yields:
J1 = D
c1
l
= DS

l
= D0S0

l
exp( EA + EAd
RT
) (2.3.13)
However, barriers normally do not consist of a single layer. If several layers are
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stacked over another, we can approximate the flux by assigning an effective permit-
tivity P = DS to each one. The resulting stack permittivity is then described in the
Ideal-Laminate model (see Figure 2.3.5a) and calculated using the following formula:
PStack =
lStack
l1
P1
+ l2
P2
+ l2
P2
+    (2.3.14)
This becomes important when dealing with stacked barriers of different quality: The
stack’s WVTR can be well approximated as the lowest single WVTR if all others are
significantly higher.
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Figure 2.3.5: Permeation models for barriers: Assuming homogeneous diffusion (a),
allowing for diffusion only perpendicular to the barrier surface (b), ne-
glecting overlapping pinhole areas of effect (c) and accounting for all
above (d).
The Ideal-Laminate model presents an effective approach to approximate barrier film
permeability. However, permeation is assumed to be homogeneous through all lay-
ers. As discussed last section, inorganic layers are considered impermeable in this
work, due to their low diffusion coefficients. Diffusion of reactive gases can only occur
through defects. Thereof, only those show significant contributions to permeation that
are at least a few hundred nanometers in diameter — pinholes. Of course, this makes
permeation processes through them very inhomogeneous. To model the water flux
through inhomogeneous media, three models are displayed in Figure 2.3.5: The Cov-
erage model, Pinhole model, and Pinhole-Interaction model. First of which basically divides
the projected barrier area Atot into non-permeable parts and defect areas Adef . The frac-
tion Adef=Atot simply provides a prefactor for P . However, values estimated this way
turn out to be underestimated. Once below a pinhole, water can spread out, thus using
more of the volume to diffuse into. The resulting higher value for P is accounted for in
the Pinhole model:
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J1 = P

l
Adef
Atot

1 + 1:18
l
r0

(2.3.15)
with the mean defect radius r0. This provides a very good approximation as long
as the pinhole density is relatively low compared to the thickness of the substrate. If
inter-pinhole distances are less than 3 times substrate thickness, significant overlaps of
the diffusion volumes arise. [100] As dictated by the Pinhole-Interaction model, this
again reduces the flux. All discussed models neglect interaction of different media and
structurally dominated diffusion.
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2.4 Barriers
As we established last section, all water vapor barriers of significant quality show
pinhole-dominated permeation. This mainly constitutes the challenge in barrier layer
deposition and it impacts the approaches to create the most effective barrier film sys-
tems. In the following an overview will be given on different materials that can be
applied in such systems, their deposition techniques and growth behavior. Afterwards,
different strategies will be introduced for barriers, as well as for complete encapsula-
tion. Lastly, barrier requirements will be highlighted with regard to applicability, man-
ufacturing and the fundamental difference between OLED and OPV device aging.
2.4.1 Barrier deposition
Defect types and densities in barrier materials are strongly influenced by the growth
behavior of the material in question. For inorganic thin-films, growth is generally de-
scribed by three different models, which are depicted in Figure 2.4.1:
substrate
deposited material
(a) Frank-van-der-Merwe.
substrate
(b) Volmer-Weber.
substrate
(c) Stranski-Krastanov.
Figure 2.4.1: Growth regimes of thin-films: Frank-van-der-Merwe growth (a) shows
perfect monolayer coverage, Volmer-Weber growth (b) exhibits immedi-
ate island formation, and Stranski-Krastanov growth (c) first builds up a
closed monolayer before island formation.
FRANK-VAN-DER-MERWE GROWTH
During this growth mode, a material spreads out into monolayers before growing
in height. It is obviously a desirable form of thin-film growth for barriers, as pin-
holes are generally not expected except for particle contamination sites. This yields
very smooth layers with very good agreement of local and nominal layer thickness.
VOLMER-WEBER GROWTH
This growth mode can be considered the opposite to Frank-van-der-Merwe growth.
The material does not wet the substrate, but exhibit strong island formation and
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high roughness. This can result in high required nominal thickness until the com-
plete surface is covered. Pinholes can be expected regardless of particles on the
substrate.
STRANSKI-KRASTANOV GROWTH
Stranski-Krastanov growth exhibits growth properties in between the previous two.
Even though island growth is observed, it only sets in after the formation of a closed
layer. The resulting roughness can be as high as for Volmer-Weber growth, but the
coverage is significantly better, meaning that less pinholes are expected.
Which growthmode amaterial enters is a complex matter with many possible depen-
dencies. However, a good approximation is provided by the relationship of the surface
energies of substrate and growing material. The surface energy (density)  is the amount
of energy dW needed per newly created surface area dA. [106] E.g. cutting a slice off
of a crystal rod with base Area A will newly generate a surface of twice its base area.
Accordingly, the energy W needed for this equals 2A. This work is thermodynami-
cally considered reversible. For clarification, it should be noted that there is a difference
between  and the surface excess free energy fS . Describing  in a thermodynamical ap-
proach, using the extensive potential of the Helmholtz free energy F , it becomes:
dA = (dF )T;V = fSdA+
X
i
idNi (2.4.1)
Here, V is the system volume, i is the chemical potential of constituent i and Ni is
the respective number of surface particles. As a result,  and fS are equal for single-
component materials if the amount of particles at the surface is kept constant. [107]
Generally, the surface energy difference between substrate Sub and deposited mate-
rial Dep determines whether the latterwets the surface or if it agglomerates. Figure 2.4.2
shows both scenarios for Sub > Dep and Sub < Dep. [108] We can understand the sys-
tem’s behavior by considering the overall energy balance: In the first case, the energy
embedded in the surface is smaller after the deposition, so the system will try to reach
this state as quickly as possible — wetting takes place. In the second case, the energy
contained in the surface states is greater after deposition, so the deposited material will
try to delay surface coverage. Islands form, which increases the surface area. As soon
as the relative energy reduction from island formation no longer exceeds the energy
increase from extra surface generation, the islands will start to spread. This mechanism
implies a certain movement capacity of the deposited material after deposition to find
an energetically favored position. As a fact, not only single atoms or molecules, but also
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(a) Schematics. (b) Photograph.
Figure 2.4.2: Droplet wetting in dependency of the materials’ surface energy: If the
surface energy of the deposited material is higher than the substrate’s,
high contact angles are usually observed and vice versa. Depicted in
schematical drawing (a) and photograph (b) of different Dyne Pen liquids
on a PET substrate (Diversified Enterprises, USA).
entire clusters can move across the surface partaking in the so-called random walk. [109]
Here, the distance they are able to cover depends strongly on the deposition process
and resulting excess energy. As a result, higher deposition rates and substrate cooling
can also be a possible way of creating smoother layer by giving the adatoms less time
and energy to move around. Given a certain temperature, all clusters additionally re-
evaporate material. Because of their curved nature, this also governed by the Kelvin
equation (2.3.6), meaning that smaller clusters settle to a higher equilibrium vapor pres-
sure than bigger ones. As a result, small clusters vanish quickly and can only be sus-
tained when they reach a critical size — this is called Ostwald ripening. [110] Together,
both mechanisms described above explain the concept of seed layers: Ultra-thin layers
(few Åto few nm) of high- materials can be used to modify the surface. [111] If the
material grown afterwards exhibits a lower surface energy, it will likely grow smoother
and wet the surface — a technique well documented for metal growth. Surprisingly,
this also works if the seed material does not cover the complete surface and sometimes
even if its  is lower than that of the deposited material. This can be attributed to a pre-
ferred growth at seed clusters acting as nucleation sites. Metals usually exhibit surface
energies between 1 and 3 J
m2
(e.g. 1:143 J
m2
for Al and 1:246 J
m2
for Ag [112]). Values for
oxides and polymers are usually lower (e.g. 0:065 J
m2
for MoO3 [113], 0:046 Jm2 for PET,
and 0:0385 J
m2
for PEN [114]).
Growth regimes can also differ for the same material systems if deposition methods
are changed. However, the right method of deposition also depends on the processabil-
ity, meaning that the substrate and already-deposited layers must be considered. Often
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times, temperature, overall energy deposition, chemical reactions, air stability or solu-
bility must be considered. Thus, an overview on typical deposition techniques will be
given here:
SOLUTION PROCESSING
When deposition is directly undertaken from liquid phase, this is referred to as
solution processing. Here, either the deposited material itself can be in liquid form
or it can be solved or dispersed in another liquid which is removed during or after
the deposition. In the context of organic devices, solution processing is mainly
used to deposit polymer solar cells. However, it is also commonly used in barrier
technologies to deposit organic decoupling layers and matrix-filler barrier systems,
which we are going to address in sections 2.4.2 and 2.4.2. These techniques are
normally used to deposit relatively thick layers in the m range and include: Spin-
coating — a thick film is thinned out via controlled sample rotation, spray-coating
— a solution is sprayed once or multiple times onto a sample, doctor-blading — a
solution is spread mechanically using a blade, and others. If a solvent is used in
the deposition process, stability of the sub-layers must be ensured. Furthermore,
a curing process is often necessary depending on the material. This can include
heating of the sample and exposure to UV-light.
PHYSICAL VAPOR DEPOSITION
All vacuum deposition techniques in which a material is vaporized by mechanical
ablation or heat and subsequently condenses on the substrate’s surface are called
physical vapor deposition (PVD). The vacuum decreases the evaporation (or sublima-
tion) temperature and enables a free path of flight during deposition. Apart from
vacuum evaporation — generally carried out by electrically heating a substance,
other techniques include: Sputtering [115] — mechanically releasing material from
a source target using energetical particles such as accelerated ions, electron beam
deposition — using a beam of accelerated electrons to heat and ablate the deposi-
tion material, or pulsed laser deposition— a high power laser beam is focussed onto
a target source to vaporize material. All these techniques almost exclusively cover
sample areas in direct line-of-sight of the deposition source. While a wide variety of
materials from inorganic compounds and elementary substances to organic materi-
als are processable, it should be noted that high energies are often needed, heating
up the substrate and possibly bombarding it with ions or other highly energetical
particles. [102, 116]
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CHEMICAL VAPOR DEPOSITION
The family of chemical vapor deposition (CVD) comprises of low-pressure techniques
in which one or more reactive precursor gases are lead into a deposition cham-
ber. They undergo a chemical reaction with the substrate or one another, thereby
creating a solid film. To enhance the reaction speed, often times a plasma is uti-
lized [115], which can be harmful to organic devices [117]. A special form of CVD
is the so-called atomic layer deposition (ALD), where exposure to the precursor gases
are separated in space, time, or both. After a precursor monolayer has adsorbed
on the sample surface, the reaction chamber is purged, removing all excess precur-
sor gas. The second precursor is released afterwards, which reacts only with the
previously adsorbed gas and forms a monolayer of itself. After a second purging
step, the process is repeated afterwards until the desired layer thickness is reached.
Though a slow process, this yields extremely conformal, high quality layers even
in shadowed areas — ideal for manufacturing barriers. Due to reaction-based na-
ture, this is normally used to deposit compounds like oxides or nitrides, but also
metals or organic materials can be deposited. In these processes, higher reaction
temperatures are generally beneficial. This often results in a compromise between
deposition quality and allowable substrate temperature. [102,116]
2.4.2 Barrier approaches
Manufacturing a good barrier for organic devices generally involves deposition of an
inorganic material in single layers which are as devoid of defects as possible. However,
normally, more than one material is used in multiple layers for better barrier perfor-
mance or stability reasons. [118] In this section, different barrier approaches are shown
and explained. These barriers can be applied as an encapsulation — the complete com-
bination of all materials involved in preventing gas ingress. Complete roll-to-roll man-
ufacturing usually involves the barriers themselves, different substrates, adhesives and
lamination steps. Encapsulation strategies vary strongly depending on substrate and
deposition requirements, as well as processing restrictions. The most prominent con-
cern in regards of encapsulation technique is side-diffusion — lateral gas ingress into
the device through adhesives and along interfaces. In OLEDs, this problem is well
documented in pixel shrinkage. This is most effectively prevented by thin-film encap-
sulation — covering a device directly with a barrier without using any adhesive layers
in between. If the device itself is processed directly onto a barrier, side-diffusion is
minimized. However, both these practices limit the choice of substrates and deposition
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techniques. In the following, different barrier approaches will be discussed, as shown
in Figure 2.4.3.
glass
gluedevice
(a) Glass-glass.
polymer lm
barrier
(b) Thin-Film. (c) Lamination. (d) Two laminations.
Figure 2.4.3: Different encapsulation strategies: Rigid glass-glass encapsulation (a)
yields good barriers, but is rigid and not roll-to-roll processable; Thin-film
encapsulation (b) has the benefit of strongly suppressed side-diffusion,
but the device is directly exposed to barrier deposition; Alternatively,
a ready-made barrier can be laminated trading reduced device require-
ments for side diffusion (c); In order to further reduce requirements for
the devices as well as barrier deposition techniques, everything can be
separately processed onto substrate films and subsequently laminated
(d).
Single layers
The simplest barrier type is a single layer. However, producing a pinhole-free layer
proves to be virtually impossible. [102] Naturally, better barrier qualities can be reached
with thicker layers, but this strategy is only feasible until a certain point. Since many
defects exhibit a nodular growth, they cannot easily be closed with further deposition.
[102, 115, 119] Furthermore, thicker barriers are more prone to cracking by internal
stress, thermal expansion, or handling. [97] Additionally, the clear disadvantage of a
very small lag-time persists, since all gases directly enter the device once they reach
a defect. However, they are easy to process and understand scientifically. Since most
commercial barriers for organic devices are composed of several single layers, this work
largely deals with single layer barriers under different conditions to understand the na-
ture of sorption and diffusion in ultra-high moisture barriers.
Nanolaminates
Nanolaminates are composites of thin interchanging layers of different barrier materials,
e.g. alumina (AlOx) and titania (TiOx). They are often used to circumvent wetting prob-
lems and avoid flexibility issues. While single layer barriers exhibit lower permeation
levels at higher thickness, they also become increasingly rigid. In a nanolaminate, the
single layers remain thin, thus more flexibility is retained in a thicker complete barrier.
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Furthermore, the different single barriers can act complementary: If one material can-
not wet a certain area, the other possibly can. This technique is mostly used in ALD
processes. [4, 120–123]
Multilayers & tortuous path
Most commercial barriers which are already available for organic electronics are mul-
tilayer barriers — two or more single barrier layers, separated by organic decoupling
layers. [99, 118, 124–129] In single layers, pinholes are known to be perpetuated even
through thick inorganic layers. [119] The multilayer concept has several distinct ad-
vantages: First of all, if a soft, thick (several hundred nanometers to several microns)
organic layer (e.g. a polymer) is deposited between two barriers in quick succession,
the defect density will likely be reduced. This simply results from the old defects ide-
ally being covered completely, while new contamination of the film is averted. Second
of all, new defects that spawn in upper barrier layers are likely separated laterally from
the defects in lower barrier layers. This has become known as the tortuous path model
— ingressing gases must follow additional lateral diffusion paths. The resulting dif-
fusion paths can be substantially elongated, prolonging the lag-time and decreasing
the WVTR. [99] This is schematically shown in Figure 2.4.4. Prolonged lag-times can
be caused by a dessicant-like behavior of the barrier layers. [130] The length of a di-
rect diffusion path equals the barrier’s thickness, in case of multilayer barriers, this can
amount to several microns. However, typical pinhole densities of high quality single
barriers are situated around 20 1
cm2
and below. At first this sound like a lot, however, it
still results in an elongation of the diffusion path of several orders of magnitude.1
Naturally, this is only beneficial if the mean lateral distance between defect areas in
consecutive barriers is very large compared to the distance between the barriers. Fur-
ther benefits of the multilayer approach include increased flexibility due to the organic
decoupling layers, as well as overall increased mechanical and chemical stability: Am-
bient atmosphere can corrode some kinds of barriers. A covering polymer layer can
mitigate or prevent such effects, as we will explore in Chapter 6.1.
1Imagine a multilayer barrier scaled up to the size of two hard swiss cheese slices divided by a thick,
soft layer of toast: The (inverse) sandwich would show a mean distance of more than 50m between
holes in two consecutive cheese slices.
47
2 Theory 2.4 Barriers
device / Ca-Test
barrier
particle
decoupling
substrate
(a) Defect decoupling. (b) Tortuous path.
Figure 2.4.4: To reduce defect densities, several barriers can be processed over each
other. In between barrier layers, thick organic layers are deposited to
reduce the chance of a defect to be continued (a). This yields a lateral
decoupling of the defects, which strongly enlarges the diffusion path of
ingressing water (b). This effectively reduces the WVTR and enlarges the
lag-time of a barrier.
Matrix-Filler
So far, all barrier approaches relied on continuous barriers, stretching over the complete
surface of a device. Considering the inorganic nature of effective moisture barriers, this
always implies subjecting the substrate to a PVD or CVD process for layer formation.
However, solution processing is possible as well, if the concept of a continuous barrier
layer is abandoned: Matrix-Filler systems (or flake barriers) make use of small barrier
segments (flakes) embedded in a polymer matrix, making them solution-processable.
Here, the concept of a defect density becomes flawed, instead the quality of the barrier
can be measured in the filler content , the aspect ratio  and a geometry factor  of
the flakes. With PM being the permeability of the pure matrix, the permeability of the
matrix-filler system PMF is described in the Cussler model: [131]
PMF = PM

1 + 
22
1  
 1
(2.4.2)
Possible filler materials should be easily convertable from bulk to high aspect ratio
thin-film flakes. Thus, materials which naturally occur in layered structures can best
be adapted: e.g. graphite and clays [132–134]. Both can be dispersed in solvents in
which the layers are separated. In case of clays, this is usually done via osmotic swelling
when in contact with water. Graphite is generally turned into graphene or graphene-
oxide flakes with an ultrasonic bath and chemical modification. This is also known as
the Hummers method [133, 135]. A significant advantage of ultra-thin flakes is their high
flexibility compared to thick barrier single films. [136]
48
2 Theory 2.4 Barriers
Getters
Another possibility of enhancing the performance of any barrier system is to incorpo-
rate a dessicant, also called getter — a highly absorptive material, which binds water
upon entry into the encapsulation. [137, 138] The lag-time of the system is thus pro-
longed. However, this approach can prove problematic, as many possible materials
which show fast enough getter reactions, exhibit strong volume increase upon water
uptake, potentially breaking a barrier film. On the other hand, getter materials often
have reaction thresholds in regards of the water concentration. With the low amounts
of water it takes to degrade an organic device, this threshold is potentially never sur-
passed, leaving all or much of the getter unreacted before device death.
2.4.3 Barrier requirements
Lastly in this chapter, a discussion about the requirements for barriers is necessary to
understand the work presented here. The following considerations are taken into ac-
count:
FLEXIBILITY
Organic devices are said to become very cheap in the future, OPVs can poten-
tially even be cheaper per Watt peak than conventional silicon cells. However, this
all strongly depends on their transfer to roll-to-roll (R2R) coating processes, which
allow for high-throughput manufacturing. Obviously, R2R coating has a simple
requirement: Flexibility. [118, 139] Otherwise, organic devices could easily be pro-
cessed onto an extremely good barrier: Glass — as is current practice for OLED
displays. Flexibility can take on many forms and poses different challenges to barri-
ers. A first challenge is the difference between thermal expansion of substrate and
barrier material during deposition. [140] Compressive strain during cooling can al-
ready induce cracks after the barrier coating is applied. Afterwards, tensile strain
can build up if another deposition at elevated temperature is applied onto to bar-
rier film. Concerning bending, at the very least, a barrier must be processed and
laminated once if the end product is made rigid afterwards. A much more realis-
tic scenario is a semi-flexible end product which is still relatively flexible, but not
supposed to be rolled or folded during use. Daily handling would nevertheless
induce large amounts of accumulated stress over time. Lastly, roll- or fold-up dis-
plays, lighting and photovoltaics are most challenging for the encapsulation. Not
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only the barriers themselves, but also adhesive and decoupling layer interfaces are
threatened, where delamination can occur. [127,139, 141]
WVTR
A water ingress restriction cannot be given for a barrier alone, as the whole
encapsulation consists of more than a single barrier. Naturally, two barriers con-
tribute, but also do side ingress at interfaces and through adhesives or other layers.
As mentioned before, Klumbies et al. have found a total water mass of around
20 mg
m2
to degrade a typical small-molecule OPV to 50% of its initial efficiency. [27]
If a lifetime of 5 years is assumed for a successful market entry of OPVs, the con-
tributing single barriers can each have a maximum WVTR of 5 · 10 6 g
m2day
. The
same order of magnitude can be found as a requirement in literature. [142] Even
lower values are generally stated for OLEDs — 1 · 10 6 g
m2day
and lower. This does
not correlate to more sensitive devices, but rather the nature of the product: While
an OPV only suffers an efficiency loss that is otherwise invisible to the consumer,
an OLED’s degradation can be seen in the development of dark spots. This can ren-
der a product worthless in lighting applications as well as in displays, where pixel
outage would occur.
LAG-TIME
Of course, the WVTR values mentioned above do not consider a significant lag-
time. This might be unrealistic, as several investigations have shown lag-times in
the range of months to years for multilayer barriers. [99,143] An actual steady-state
WVTR can thus be higher than the above-mentioned values if the system takes long
enough to reach it. [144]
STABILITY
A device can only be stable if also its encapsulation does not deteriorate over
time. This includes chemical, thermal and photostability. All of these criteria are
likely to be harder to fulfil for OPVs considering their mainly outdoor use. Here,
acid rain, hail, UV-illumination, and overall high temperatures under sunlight ex-
posure are the main potential causes for barrier failure. It should be noted that
not only the barriers themselves, but also the substrates can become a problem.
Recent studies especially highlight photo-degradation processes in PET and PEN,
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potential low-cost substrates for organic devices. They show increasing brittleness
and yellowing respectively, when subjected to UV-light, highlighting the need for
UV-filters. [118, 145]
TRANSPARENCY
Optoelectronic devices like OPVs and OLEDs need at least one side to be trans-
parent. Above 90% of visible light should be transmitted by the barrier. [118] Since
most barrier materials are oxides and nitrides, which are sufficiently transparent at
typical thickness, this poses less of a problem. However, when assembling multi-
layer barriers, even relatively transparent materials can quickly decrease in trans-
mittance if processed in a thick stack with alternating layers and refractive indices.
The encapsulation should always be kept in mind when designing the stack of an
organic device. [146] Not only can it change the optical field distribution, but also
cause beneficial effects like high haze values for matrix-filler systems. [134]
Except for transparent devices, one barrier can be opaque. This allows for com-
pletely different barrier approaches such as metal films. Hermenau et al. have
shown that the typical Al cathode of OPVs and OLEDs incorporates a significant
barrier effect. [75] They reported a value of 8 · 10 4 g(H2O)
m2d
at 45 C and 45%RH. This
can be further enhanced [76] as will also be part of this work.
COST
Current cost analysis shows that barriers will be one of the major contributors to
the cost of organic devices. While themarket value for OLEDs is able to compensate
for that, OPVs are in strong competition with silicon cells and have fewer unique
selling points. Thus, a suitable OPV barrier must also be as low-cost as possible.
This includes a reasonably fast processing speed and little to no curing times in
between deposition.
PROCESSABILITY
In addition to flexibility and deposition speed, the coating process must fulfil
requirements set by substrate and potential pre-deposited layers. During solution
processing, solvents must be orthogonal to the previous layers [147]. For vacuum
processing, this mainly concerns process temperatures and overall energy applica-
tion during the deposition. In particular, glass transition and decomposition tem-
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peratures should be kept in mind to prevent deterioration and reorganization. Ad-
ditionally, applied plasma and precursor gases in CVD processes can be harmful to
organics.
WEIGHT AND MATERIAL CONSUMPTION
Consider a ready-made roll of an organic solar cell. Coming from a large-area
coater, the roll might have a diameter of 1m, a width of 2m, andweigh over 2 t. Yet,
the amount of material making this an actual OPV only fills a big coffee cup; the rest
is polymer films. Though this does not directly impact barrier manufacturing, it
should highlight that the right choice of substrate and adhesives for encapsulation
has a massive impact on the complete product: If adhesive and substrate thickness
are halved, the solar cell area contained in our model roll is doubled.
TOXICITY AND ECOLOGICAL IMPACT
As chemically inert oxides or nitrides, the vast majority of barrier materials can
be considered toxically harmless— especially considering that many of these mate-
rials naturally occur [148,149]. However, this does notmean the endeavour of large-
area flexible electronics is ecologically uncritical. As argued before, the amount of
plastic foils and polymer adhesives is potentially enormous. However, if handled
correctly, OPVs bear the potential of becoming a truly green technology because of
their much lower intial energy consumption than for silicon cells. [150]
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So far, the basic fundamentals of barriers, organic devices and permeation have been
explained. However, to put this work into perspective, a short overview on the state-of-
the-art shall be given on the following topics: Permeation barriers, lifetimes of organic
devices — mostly solar cells — and measurement techniques for moisture ingress.
3.1 Permeation barriers
As was already part of the last chapter, many deposition techniques and thin-film ma-
terials could potentially fulfill the requirements for permeation barriers. In this section,
we will look at the most promising ones and give a short overview on other poten-
tial techniques and the results reached so far. However, before anything is discussed
in detail, a few general comments on barrier publications are due at this point: Un-
fortunately, barrier characteristics are not sufficiently standardized. Because of this,
many publications in literature claim very low WVTRs and excellent barrier quality
even though either measurement or report show significant shortcomings. Perhaps the
most common mistake is the lack of climate specification, even though common sense
dictates that in a measurement highly dependent on temperature and humidity, these
parameters are of utter importance to the readers. Often times, moisture barriers are
also characterized at implausible climates — especially humidities approaching 0%.
Lastly, some publications proudly report on extremely low so-called intrinsic WVTRs.
This generally means that WVTR values were corrected for the influence of pinholes.
As pinholes are the dominating contributors to permeation, intrinsic WVTRs are with-
out value.1
So far the best single layer barriers have been shown for ALD processes. Behrendt et
al. recently reported on SnOx films reaching WVTRs down to 3:1 · 10 6
g(H2O)
m2d
at 85 C
and 85%RH. [151] These films even showed very good conductivities, allowing for a
combined use as transparent electrode and barrier film. However, a rather high de-
1Imagine being offered a rain jacket which the salesman advertises as waterproof in the areas without
holes — during sunshine.
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position temperature of 200 C should noted at this point. Carcia et al. reported on
single ALD layers made of AlOx in 2006. They reached WVTRs down to 1:7 · 10 5
g(H2O)
m2d
at 38 C and 85%RH [152], promoting alumina as one of the best ALD barrier
materials. [153–157] Differences in these works mainly concern the oxidizing precursor
(water, ozone, or atomic oxygen from plasma) and the process temperature — around
350 C for other ALD applications [158]. Other works on ALD barriers mainly inves-
tigate nanolaminates, largely alumina together with other oxides like SiOx (5 · 10 5
g(H2O)
m2d
at 38 C and 85%RH) [159] or ZrOx (5 · 10 5
g(H2O)
m2d
at 38 C and 100%RH [123] and
4:7 · 10 5 g(H2O)
m2d
at 70 C and 70%RH [120], respectively). There are also a few attempts
to process ALD multilayers with organic decoupling layers deposited in similar pro-
cesses called molecular layer deposition (MLD). Here, typical precursors like tri-methyl-
aluminum (TMA) for alumina are countered with organic substances like ethylene gly-
cole. In the given example alucone is formed. Alternating layers of alumina and alucone
have been shown by Park et al. [139], Hossbach et al. [4], and Zhang et al. [122], reach-
ing WVTRs down to 8:5 · 10 5 g(H2O)
m2d
at 25 C and 85%RH. Though ALD thin-films are
among the best barriers reported so far, there are serious reservations regarding their
industrial application. This mainly relates to their processing times and process nature.
As no continuous deposition takes place, ALD is a typical batch processing technique.
Additionally, each ALD cycle deposits one monolayer of material or even less. This
means deposition of a significant barrier film can result in unacceptable process times.
In order to address both issues, much research is currently undertaken on so-called spa-
tial ALD. Here, the stepwise nature of the process is no longer accomplished through
temporal fragmentation, but rather spatially. In a promising approach by TNO and the
Holst Centre, a reaction wheel is divided into different gas zones: Two different pre-
cursor and an inert gas. Each two different precursor zones are always divided by an
inert zone. A gas bearing system keeps the substrate foil very close to these reaction
zones. As the substrate is fed through the coater, it moves over the drum, which si-
multaneously rotates into the opposite direction. This allows for thin-film growth two
orders of magnitude above normal ALD: Up to 5 nm
s
— the growth speed of human
hair. [160] A good overview on spatial ALD development was published by Poodt et
al. in 2013. [161] For a more general overview on ALD, a review from 2012 by Steven
M. George is suggested. [162] Concerning ALD, lastly, it should be noted that films
deposited at low temperatures — anything acceptable for organic devices and polymer
substrates — have been shown to exhibit corrosion effects. [121, 159, 163, 164] The rea-
son for this seems to be incomplete reactions resulting in vulnerable areas in the films
that can incorporate water, altering the structure and spawning defects. [121] In greater
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detail, this will be discussed in Chapter 6.1.
High quality single layers can also be deposited using PECVD, which is normally
used to deposit silicon oxide and silicon nitride. Though for a long time these layers
did not reach WVTRs below 10 3 g(H2O)
m2d
[165–167], recent breakthroughs have shown
a great potential for this approach. Holst Centre presented an atmospheric pressure
roll-to-roll coating machine for silicon nitride multilayer barriers. They claim WVTRs
of 5 · 10 5 g(H2O)
m2d
at 60 C and 90%RH for single barriers and below 10 6 g(H2O)
m2d
for the
complete stack. [168]
Another method of high quality barrier deposition is (reactive) sputtering. Fahlteich
et al. have shown Zn2SnO4 (ZTO) layers on PEN substrates with WVTRs down to
3 · 10 3 g(H2O)
m2d
at 38 C and 90%RH. [103] As opposed to normal sputtering, a reactive
gas is present during the deposition in reactive sputtering processes. The deposited
material is formed by a reaction between this gas and the target material.
All of these single layer can be incorporated into multilayer barriers — a concept
first introduced by Shaw and Langlois in 1994 [169]. Here, WVTRs are largely domi-
nated by the ability to close and decouple defects as well as how well a barrier layer
grows on the decoupling material. Such decoupling materials include the Fraunhofer
ORMOCER®-lacquer— awater-based organic-inorganic hybrid polymer [86]—and the
BARIX system decoupler from Vitex Inc. — an acrylate precursor, which is evaporated
onto substrate and UV-cured subsequently. [124] Both of these approaches involve a
liquid phase on the barrier film during deposition, which can be difficult. Other decou-
pling materials can also be deposited using PECVD processes. [115, 170, 171] However,
as they do not wet the surface and form a completely new layer, but follow surface
features, their effectiveness often lacks. [86]
Despite its water-based nature, the ORMOCER has successfully been applied in the
POLO®multilayer-barrier in combination with ZTO barrier films. On a PET substrate,
two dyads — each consisting of 170–180nm ZTO and 800nm ORMOCER®— were
tested in a barrier foil round-robin investigation. In 2014 Nisato et al. published their
results showing WVTRs down to 4:23 · 10 5 g(H2O)
m2d
at 20 C and 50%RH from 12 differ-
ent measurement systems. The BARIX system even yielded 4 · 10 6 g(H2O)
m2d
at similar
ambient conditions. However, this value was obtained from 5 dyad multilayer barri-
ers incorporating alumina films. [126] It should also be noted that the POLO®barrier
film was manufactured in a roll-to-roll coater. Taking this prerequisite into account, the
BARIX system only reaches 10 4 g(H2O)
m2d
. [172]
Other approaches include matrix-filler systems of nanoclay flakes [134], alumina na-
noparticles [173], or graphene oxide flakes [132] in polymers. Though very good me-
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chanical properties are observed [136], no WVTRs below the 10 3 g(H2O)
m2d
regime have so
far been reported for such systems. Also, composite barrier systems of e.g. alumina
and graphene [174] are manufactured, mainly to enhance the flexibility properties of
existing single barrier films.
Lastly, it should be mentioned that WVTRs of common polymer films are very high
compared to all barriers mentioned up to now. Their influence on barrier film WVTRs
can thus be neglected according to the Ideal-Laminate model (see Section 2.3.3). At
38 C and 90%RH, 100µm thick PET shows a WVTR of 5 · 100 g(H2O)
m2d
(Melinex ST504,
Dupont TeijinFilms). Better values are reached for highly fluorinated polymers. Here,
WVTRs for Aclar®films by Honeywell are reported in the 10 2 g(H2O)
m2d
regime at 40 C
and 75%RH. [175]
3.2 Organic device lifetime
Giving conclusive data on device aging can be a tricky task, as a lifetime includes the
sum of all degradation processes. It can thus be investigated frommany different scien-
tific angles: Intrinsic lifetimes are usually taken from glass-glass encapsulated samples
and give an idea of what a device is capable of with low amounts of water ingress. Ex-
trinsic lifetimes can refer to devices built on glass with a flexible barrier on top, fully
flexible devices, or even roll-to-roll manufactured devices. Additionally, investigations
on extrinsic lifetimes can include the application of different barriers, encapsulation
techniques or reducing the amount of water it takes to degrade a cell.2 Since generally
a delamination of the cathode causes active area loss, improving cathode adhesion has
been shown to improve the lifetime. In particular, CrOx [176] and MoOx [177] as well
as metallic chromium [178] or titanium [76] have been proven effective in this matter.
Research on intrinsic lifetimes of both OLEDs and OPVs includes the development
of stable materials or finding interfaces to suppress flat layer mixing or co-deposition
de-mixing. This is not within the scope of this work. Here, OLED and OPV stacks
have been used that can be considered intrinsically stable compared to extrinsic aging.
Current intrinsic lifetimes for OPVs are typically in the range of several thousand hours.
[66, 179–181] Much longer lifetimes have been observed for OLEDs, partially because
their operating conditions are less demanding: Above 100.000 thousand hours for green
and red and over 10.000 hours for blue emitting devices. [182]
2If an organic solar cell takes 20 mgm2 of water ingress to reach 50% of its initial efficiency [27], one breath
can potentially degrade over 10m2 of OPV.
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3.3 WVTR measurement techniques
The low amounts of water ingress it takes to degrade organic devices lead to another
challenge on the development side. Measuring a WVTR of 10 5 g(H2O)
m2d
or lower is any-
thing but trivial. The invisible amounts of water that are present in our everyday life
are easily high enough to disturb or completely ruin an experiment. To put this into
perspective, here are a few exemplary cases in which a device will degrade very fast:
If a device is encapsulated with a thin layer of adhesive (e.g. epoxy) which was not
freed from water; [183–185] If a device is processed onto a polymer film which is taken
from ambient air without heating; Or if a non-encapsulated device is transported in a
nitrogen-filled plastic transport box that was stored under ambient conditions.3
Obviously, the best and most reliable method of measuring the lifetime of an organic
device is to actually manufacture and age it. However, processing such devices is ex-
pensive as is an accurate aging setup with climate chamber and sun simulator in case
of OPVs. Since WVTRs can be easily related to lifetimes [27] and are generally easier
and cheaper to measure, WVTRs are normally measured for barrier investigations. In
the following, different measurement techniques for WVTRs will be shortly explained.
COULOMETRICAL MEASUREMENTS
As the name suggest, a current is measured as indication of water ingress. The sen-
sor in this technique is provided by a piece of phosphorous pentoxide, connected
by two electrodes. This material is a very effective desiccant and water will quickly
be absorbed by it. The material then acts as an electrolyte and an electrolysis reac-
tion splits the water molecule into hydrogen and oxygen. The current which flows
during this reaction is measured and can be related to the ingressing amount of
water. [186] This measurement technique is widely used since it is implemented in
the popular Mocon Aquatran series. The recently presented Aquatran II is capable
of measuring WVTRs down to 5 · 10 5 g(H2O)
m2d
. [187]
LASER ABSORPTION
Laser absorption A similar setup — containing two gas cells divided by a barrier
foil— can also be used to perform gas detectionmeasurements via light absorption.
As even low amounts of gases like water vapor absorb light to some degree, a laser
beam will lose intesity upon traversing the gas cell. [188] If the laser wavelength is
tuned to a certainmolecule absorption peak, themeasurement can be very accurate.
3If this piece of paper was a barrier with a WVTR of 10 5 g(H2O)m2d , the amount of water permeating
through it every day would just be enough to fill a single cell in your body.
57
3 State of the art 3.3 WVTR measurement techniques
However, as for most of the techniques, the sensitivity limit is largely governed by
the gas ingress background. The commercial HiBarSens system by Sempa uses a
sophisticated multi-channel gas sealing which is constantly flushed with nitrogen.
The device can thus measure WVTRs down to the 10 6 g(H2O)
m2d
regime. [189]
MASS SPECTROMETRY
If a barrier foil is attached to a chamber with an applied ultra-high vacuum, a mass
spectrometer can be used in this chamber to measure moisture ingress, as well as
other gases permeating through the barrier. For very low sensitivities down to
the lower 10 7 g(H2O)
m2d
regime, water with heavy oxygen isotopes is used. [190] This
technique is used in the commercial measurement device VacuTRANof VG Scientia
Ltd. For measurements down to 10 6 g(H2O)
m2d
, it uses heavy water. [191]
TRITIUM TEST
Water ingress detection can also be done using heavy tritium-containing water or
alcohol molecules. The permeate can either directly be transported to a the sensor
via gas flow, or be collected in a salt for later evaluation. As sensor, a beta radiation
detector is used with which the tritium decay can be measured and related to the
water ingress. Measured WVTRs with this method range down to 5 · 10 5 g(H2O)
m2d
,
however, sensitivity limits in the 10 5 g(H2O)
m2d
regime are claimed. [154,159]
GRAVIMETRIC CUP
A simple method for measuring foils with high WVTRs is the Gravimetric cup.
Here, the mass change of a cup is measured over time. The cup itself is imperme-
able and sealed with a specimen. Containing either water or a dessicant, water will
permeate out ot or into it. Its sensitivity does not fall below 10 1 g(H2O)
m2d
. [86]
It should bementioned that all of these methods are limited to measuring stand-alone
barrier foils and require complex and expensive setups during the measurement. This
limits the capability to perform several tests in parallel. A way of measuring complete
encapsulation systems is the so-called Calcium Corrosion Test, as it can be designed to
closely resemble the stack of an organic device. Furthermore, its sensor is cheaply rede-
posited for each test, making it easy to perform many tests in parallel. As the Electrical
Calcium Corrosion Test is used for all investigations in this work, the next section will
give an overview on this method.
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3.4 Calcium corrosion tests
The Calcium Test (Ca-Test) is an easy and cheap method to measure the WVTRs of bar-
rier foils and complete encapsulation systems. Its application requires little effort wher-
ever vacuum deposition systems (with possible inert handling) are available. This ex-
plains why its most widely used by universities and other research facilities. The tech-
nique uses a vacuum-evaporated metallic Ca thin-film as a sensor. This sensor exhibits
a highly reactive behavior when exposed to water. It quickly undergoes corrosion to
calcium hydroxide (Ca(OH)2) [192] after the following reaction:
Ca + 2H2O =) Ca(OH)2 + H2 (3.4.1)
During this reaction it drastically loses conductivity and gains transparency. Reac-
tions with oxygen [192] and to calcium oxide (CaO) [193] are also possible, but can be
neglected up to 90 C. This enables two kinds of tests based on optical or electrical mea-
surements. These concepts are going to be introduced in detail later on. Beforehand, a
quick introduction of Ca as a sensor material will be given for a better understanding of
the complete tests. The most important features of the Ca-Test are displayed in Figure
3.4.1.
3.4.1 Ca as a sensor
There are a few properties which Ca films exhibit during corrosion. Doing a Ca-Test,
one should always be aware of the following:
REQUIRED STARTING HUMIDITY
In most theoretical descriptions of moisture permeation through barriers, it is as-
sumed that the dry side — e.g. facing towards Ca — constantly stays at a water
concentration of zero. This is based on the presumption that Ca will react immedi-
ately with any water reaching it. We made the same assumption during the intro-
duction of permeation theory (chapter 2.3.2). In 2014, Higgs et al. exposed freshly
deposited Ca thin-films on quartz microbalances to controlled humidity environ-
ments. They found that very low water concentrations will not start a corrosion
reaction, but that a certain threshold must be overcome. [194] If a Ca-Test incorpo-
rates a gas volume above the sensor — as is common practice [193,195–199] — this
can lead to drastically prolonged lag-times. On the other hand, this threshold ex-
hibits a thermal activation, meaning that Ca films can react even with minute traces
of humidity at elevated temperatures. Even in a glovebox with less than 0:1 ppbwa-
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ter, an unprotected Ca film can corrode on a hot plate. Even though this does not
significantly alter the theoretical permeation, the following should be kept in mind:
Small amounts of water concentration can perfuse the test sensor even when it is in
direct contact with the barrier. This will be important in Chapter 5.2.
INHOMOGENEOUS CORROSION
Independent of test type, the Ca sensor can be applied in two significantly differ-
ent ways: Directly on the barrier or with a gas spacer in between, see Figure 3.4.1.
If the Ca is evaporated directly onto the barrier, the pinhole density can easily be
calculated after some time, as the Ca corrodes only locally at the pinholes. This
additionally carries the advantage that the permeation mechanisms are very close
to those of an actual device. However, if the pinhole distribution is unfavorable,
it can lead to false estimation of the WVTR within < 30% [200] or even cut off
the measurement before complete Ca corrosion (see Figure 3.4.1). Using a spacer
will induce a more homogeneous corrosion. As mentioned above, this will also in-
crease the lag-time, not only because of the reaction threshold, but also due to water
adsorption at the spacer walls. Additionally, the possibility of pinhole density cal-
culation is lost. It should be mentioned that Ca never corrodes homogeneously.
Corrosion starts at nucleation sites and can spawn corroded islands with diameters
in the micrometer range. However, at usual test sizes, this does not significantly
alter the measured WVTR. [200].
EXPANSION
Metallic Ca has a density of Ca = 1:54 gcm3 . Calcium hydroxide on the other hand
exhibits Ca(OH)2 = 2:24 gcm3 . [201] Though the density is higher, this accounts for
Ca, as well as hydrogen and oxygen in the compound. We can calculate the density
per Ca atom by dividing Ca(OH)2 by the relative weight of the materials: approxi-
mately (40 + 2 · (16 + 1)=40) = 1:85. This yields a density per Ca atom of around
1:21 g
cm3
— an expansion of roughly 27%. As discussed before, Ca always corrodes
inhomogeneously. Depending on Ca thickness, this can lead to strong local height
gradients of the Ca film. If the sensor is in direct contact with the barrier, such an
expansion can lead to local barrier cracking. To mitigate this, a less rigid organic
interlayer can be applied at the interface as demonstrated by Klumbies et al. [2]
DEPOSITION-DEPENDENT CHARACTERISTICS
As we have seen in Chapter 2.4.1, thin-film growth can depend on a number of
factors such as surface energy, deposition speed or temperature. Unsurprisingly,
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this can also affect the Ca sensor properties. In order to measure accurate WVTRs,
exemplary single Ca thin-films should be manufactured and measured regarding
their properties. [202]
CLIMATE DEPENDENCY
As for any barrier measurement, the test climate must be kept constant during the
Ca-Test. Not only does the WVTR change with a changing climate, but also the
sensor properties can be altered. This mainly concerns the electrical Ca-Test. Over-
all conductivity will drop with increasing temperature due to increased electron-
phonon interaction.
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Figure 3.4.1: Schematics for the calcium corrosion test: Different configurations (left
side), their corrosion patterns (middle), and measurement types (right
side).
3.4.2 Optical calcium corrosion test
Positioning a thin-film Ca sensor behind a steady light source, an optical Ca-Test can
be performed as first proposed by Nisato et al. in 2001. [203] On the opposite site of
the light source lies a detector in form of an integrating photo diode or a complete CCD
camera. Accordingly, the signal is either a single overall value or an image allowing
61
3 State of the art 3.4 Calcium corrosion tests
for pinhole evaluation (if no spacer is used). Taking an uncorroded and a fully cor-
roded film as start and ending points of the measurement, the integrated brightness
can be related to the amount of remaining Ca. The WVTR is then directly proportional
to the time derivative of this value. How the integrated brightness is determined, is
dependent on the setup: If the Ca is deposited directly on the barrier, inhomogeneous
corrosion occurs and the film can be divided into fully corroded and pristine areas. The
amount of Ca left is proportional to the pristine (dark) area. [203, 204] However, if (due
to a spacer) the corrosion happens homogeneously, the height of remaining Ca layer h
follows the Lambert-Beer law: [205]
I(h) = I0 · e h (3.4.2)
Here,  is the film’s absorption coefficient, I(h) and I0 are the light intensities passing
through and reaching the Ca layer, respectively. Using test designs without spacer,
WVTRs in the 10 7 g(H2O)
m2d
regime have been reported. [203]
3.4.3 Electrical calcium corrosion test
Using the conductivity loss during the Ca corrosion, an electrical Ca-Test can be per-
formed by a thin-film sensor is deposited between contacting electrodes. This was first
reported in 2003 by Pätzold et al. [206] A voltage applied between the two electrodes
will lead to a lateral current through the layer. From this, a conductance G can be cal-
culated, which can be easily related to the WVTR: [206]
WVTR =  2 ·MH2O
MCa
· Ca · Ca ·
lCa
wCa
·
dG
dt
(3.4.3)
Here, MH2O and MCa are the molar masses of water and Ca, Ca is the resistivity of
Ca, lCa and wCa are the sensor length and width. For thin films Ca typically lies in the
range of 4–9 · 10 6
cm. [193, 206] If the areas of water ingress and Ca coverage differ,
another factor needs to be applied. An optical check should be performed on the sensors
before the complete degradation of the test or if the degradation data does not look as
expected. Especially if the width of the sensor is only few mm, a premature contact
loss can occur as depicted in Figure 3.4.1. Here, unfavorable pinhole placement can
lead to a complete contact loss even though unreacted Ca is still present. Furthermore,
electrical contacting should be done in a four-point probe measurement configuration
so that contact resistances can be neglected. Otherwise, the measured WVTRs will be
underestimated at the beginning of the test as found by Schubert et al. [177] because
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the sensor resistance must first become large compared to the contact resistances. If a
defect dominated barrier is measured in direct contact configuration, it is important to
note that the electrical Ca-Test tends to underestimate the remaining amount of Ca. This
issue occurs because of inhomogeneous corrosion and was simulated by Pätzold et al.
in 2004. [207]. However, he proves that good WVTR values can be extracted within a
15% error margin, nonetheless.
Sensitivities reached with electrical Ca-Test setups are generally in the 10 5–10 4
g(H2O)
m2d
regime. [177, 193, 197, 205, 208] However, possible sensitivities of 10 6 g(H2O)
m2d
and
lower are often claimed. [159,197,206] Lastly, the most important advantage of the elec-
trical Ca-Test should be highlighted once more: Since the sensor is deposited in a low-
cost process and the measurement is done by easy electrical contacting, potential for
parallelization is extremely high. Many parallel investigations — even with individual
test climates [205] — can be performed while keeping a very good sensitivity.
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4 Experimental
In this chapter, basic experimental processes will be described to enable a best possible
understanding of the presented work. First, an overview is given on basic processes,
which concern handling of samples which quickly degrade in air. These processes reoc-
cur in every investigation and are of paramount importance for the success of all work
shown. After a description of the substrates, all deposition processes (thermal evapora-
tion, ALD, lamination, and spin-coating) are introduced, followed by characterization
techniques for organic devices and thin-films. These include IV-curves, EQE, and device
aging, as well as techniques for microscopy, topology, and optics. Lastly, the electrical
Ca-Test as used in this work, is described in detail.
4.1 General procedures
Before going into detail about device manufacturing, sample analysis and characteriza-
tion, a short introduction will be given here that covers elemental, recurring techniques.
4.1.1 Inert handling and transport
This work deals with the lifetime of volatile devices. Even molecular traces of moisture
can have detrimental effects for them. To improve device lifetimes, the WVTRs of barri-
ers are measured with electrical Ca-Tests. Ca sensors show even quicker reactions with
water, which is why certain precautions have to be taken when working in this field.
Manufacturing of all devices is carried out in vacuum or inert atmosphere. All vacuum
deposition systems are attached to gloveboxes filled with nitrogen (MBraun, Germany)
for inert handling. Here, residual water and oxygen contents are kept below 0:1ppm.
This applies to all gloveboxes used during this work. Transportation of volatile sam-
ples is always carried out in nitrogen filled steel tubes equipped with vacuum blind
flanges (KF-50) on both ends. Inside the tubes, samples are kept in polymer sample
holders (A66-0603, Basan GmbH). This way safe transportation could be ensured with
very small residual water amounts. Once reintroduced to a glovebox, the transport
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tube is reopened immediately to prevent possible moisture accumulation from the tube
walls or polymer O-rings. All transportation equipment is degassed at 100 C in vac-
uum over night prior to use. Any polymer substrates and barrier films with polymer
substrates are dried prior to deposition by heating on a hot-plate at 70 C inside a glove-
box for at least 72 hours. Otherwise absorbed water from these films can be sufficient
to completely degrade any of the manufactured devices and Ca-Tests.
4.1.2 Substrates
In the present work, different types of substrates are used. On them, barriers, Ca-Tests,
and devices are deposited. All of these substrates are used at a size of approximately
2:5 · 2:5 cm2 Also, PET films are used as an anti-corrosion layer — this will be part of
Chapter 6.1. In particular, the following substrates are used:
GLASS
1:1mm thick glass substrates are used throughout the complete work for the depo-
sition of Ca-Tests on rigid substrates as well as most organic devices. For Ca-Tests
and OPVs with alternative (non-ITO) electrodes Borofloat 33 (Schott, Germany) is
used. For other devices, Corning Eagle XG glass with pre-structured ITO (Thin Film
Devices, USA) is employed, which exhibits otherwise identical properties. Glass
substrates are always cut prior to use on a cutting table with mounted cutting head
on a guiding rod and cleaned using the following procedure:
1. 20 minutes in NMP (N-Methyl-2-pyrrolidone) ultrasonic bath
2. 5 minutes rinsing with deionized water
3. 10 minutes in deionized water ultrasonic bath
4. 10 minutes in ethanol (high purity) ultrasonic bath
5. Spin-rinsing with deionized water
6. Dry-spinning in spin-rinser
7. Oxygen plasma treatment
PLANARIZED PROTECTED PEN
125µm thick planarized and protected polyethylene naphthalate (PPEN) films (Te-
onex® PQA1M, Dupont Teijin Films Ltd., UK) are used for all in-house barrier de-
positions and subsequent flexible Ca-Tests as well as other investigations. These
films exhibit low surface roughness and overall good surface homogeneity, because
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they are covered with a modified acrylic layer of approximately 5µm thickness. To
prevent surface contamination with particles and other substances and allow easy
handling, these films are coveredwith release liners on both sides— thin additional
polymer films which can be pulled off before use. They have proven beneficial for
single barrier deposition compared to non-planarized films. [103]
PET
125µm thick heat-stabilized polyethylene terephthalate (PET) films (Melinex® ST-
504, Dupont Teijin Films Ltd., UK) are used for corrosion inhibition of all thin-
film deposited barriers on OPVs and Ca-Test if not stated otherwise. They were
mounted on the device or test with a full area glue application of UV-cured XNR
5592 (Nagase ChemteX Corporation, Japan).
ZINC-TIN OXIDE BARRIER FILMS
Ready-made barrier films with single 144nm thick zinc-tin-oxide (ZTO) layers on
75µm thick PET (Melinex® 400 CW, Dupont Teijin Film Ltd., UK) substrates are
used to investigate climate-dependent WVTR behavior. The corresponding pure
substrate is also used in this investigation. All ZTO barrier films are provided
by the Fraunhofer FEP (Dresden, Germany) ZTO films with a stoichiometry of
Zn2SnO4 are deposited by reactive dual-magnetron sputtering. Here, strong elec-
tromagnetic fields confine the plasma which develops over the target. Following
paths along the magnetron, electrons in the field ionize more sputter gas atoms (ar-
gon) and allow for higher deposition rates at lower pressure. Each target of the dual
magnetron has an area of 349:6  121mm2 and is alternately switched as cathode
or anode with a frequency of 50kHz. Target composition is 52% Zn and 48% Sn.
Oxidation is done via a reactive gas (oxygen) inlet. [209]
Prior to heating, all polymer films are cut and inscribed with sample numbers using
a laser marker (CO2-laser, 20W, ACI Laser GmbH). The deposition side always faces
down during laser use to avoid particle contamination from the process. If a release
liner was present on the deposition side, it was removed only after laser use for the
same purpose.
4.2 Device and thin-film processing
In this work, different thin-film deposition techniques are used to process organic de-
vices and Ca-Tests, as well as barrier films and polymer layers.
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4.2.1 Vacuum evaporation: OPVs, Ca-Tests, and metal barriers
Vacuum evaporation is the most fundamental method of deposition used in the bulk
of this work. With the exception of adhesives, substrates, certain barrier materials and
corrosion protection layers for them, all substances included in samples are evaporated
in vacuum. This includes all layers of organic devices and Ca-Tests aside from their en-
capsulation and substrates. All samples produced in-house are manufactured using a
customizedmulti-source vacuum deposition chamber (K. J. Lesker, UK)— the so-called
Lesker B — at a base pressure of 10 8mbar. The chamber and its load lock are attached
to a glovebox. Using this tool, 36 samples can be manufactured in one deposition run
if using a continuous substrate or 18 single samples, respectively. A photograph of the
system can be seen in Figure 4.2.1b. In the chamber, material deposition takes place us-
ing electrically heated ceramic crucibles (CreaPhys, Germany) for organic materials, Ca,
and Al. Tungsten boats are utilized for other metals andMoO3. Crucible temperature is
monitoredwith a thermocouple attached to a feed back loop controlling the heating coil,
so a stable deposition temperature can be maintained. All deposition speeds are mon-
itored using quartz microbalances, which are calibrated beforehand. Co-evaporation
for doped layers or bulk heterojunctions of absorbers is done using two sources at once
with separate quartz microbalances. An explanatory schematic is displayed in Figure
4.2.1a. Except for dopants, all materials are purified twice or more with vacuum gradi-
ent sublimation. Table 4.2.1 lists all organic materials used in this work, their chemical
and abbreviated names, as well as their typical function in organic devices. In Figure
4.2.2, all non-proprietary molecule structures are displayed.
For layer structuring and functionalization, shadow masks are employed in the de-
position path. This way, the active areas of solar cells are well defined by the lateral
overlap of bottom and top electrode as depicted in Figure 4.2.3. Each solar cell has 4
separate active areas — so-called pixels — with an area of 6:44mm2 each. Similarly,
Ca-Tests are structured as depicted in Figure 4.5.1. In case of glass-glass encapsulated
devices, cavity glasses are glued onto the substrate after deposition. A moisture getter
is placed into the cavity before application with UV-curing XNR 5592 (Nagase ChemteX
Corporation, Japan).
Additionally, ready-made OLEDs are used for barrier investigations, processed by
Novaled AG, Dresden, Germany. Red emitting OLEDs are received and subsequently
encapsulated with different barriers. Unfortunately, problems during transport result
in failure of a small fraction of the active device area, visible as dark spots under the
microscope.
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(a) Co-evaporation. (b) Deposition chamber.
Figure 4.2.1: a) Schematic depiction of a thermal co-evaporation process as used for
doped organic layers or absorber heterojunctions: 1. substrate, 2. cru-
cible with organic material, 3. crucible heating coil, 4. thermocouple, 5.
crucible casing, 6. evaporated material moving in straight lines through
the vacuum, 7. quartz monitors for individual deposition rate control. b)
Photograph of the multi-source vacuum evaporation system Lesker B.
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Figure 4.2.2: Structures of all non-proprietary small molecules used in this work (from
Table 4.2.1): 1. Alq3 2. BF-DPB 3. BPAPF 4. C60 5. DCV2-5T-Me(3,3) 6.
F4-ZnPc 7. F6-TCNNQ 8. MH250 9. NPB 10. W2(hpp)4
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Table 4.2.1: List of the names and typical functions of all organic materials used within this
work. Only the abbreviated names will be used in the texts. The list is sorted alpha-
betically by the abbreviated name.
abbreviated name chemical name typical function
Alq3 tris 8-hydroxyquinoline alu-
minum
electron transport layer matrix
BF-DPB (N,N’-((diphenyl-N,N’-bis)
9,9-dimethyl-fluoren-2-yl)-
benzidine)
hole transport layer matrix
BPAPF 9,9-bis[4-(N,N-bis-biphenyl-4-
yl-amino)phenyl]-9H-fluorene
hole transport layer matrix
C60 Buckminster Fullerene absorber (acceptor) and elec-
tron transport layer matrix
DCV2-5T-Me(3,3) 2,2’-((3”,4”-dimethyl-
[2,2’:5’,2”:5”,2”’:5”’,2””-
quinquethiophene]-5,5””-
diyl)bis(methanylylidene))di-
malononitrile
absorber (donor)
F4-ZnPc tetrafluoro-zinc-
phthalocyanine
absorber (donor)
F6-TCNNQ 2,2’-(perfluoronaphthalene-
2,6-diylidene)dimalononitrile
p-dopant
MH250 N,N-Bis(fluoren-2-yl)-
naphthalenetetracarboxylic
diimide
electron transport layer matrix
NDP9 proprietary material provided
by Novaled AG
p-dopant
NPB N,N’-di(naphthalen-1-yl)-
N,N’-diphenyl-benzidine
hole transport layer matrix
W2(hpp)4 Tetrakis(1,3,4,6,7,8-hexahydro-
2H-pyrimido[1,2-a] pyrimidi-
nato)ditungsten (II)
n-dopant
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(a) Bottom electrode. (b) Active organic materials. (c)Metallic cathode.
Figure 4.2.3: Step-wise deposition of organic devices as seen through the substrate:
The first layer consists of a transparent electrode (a) for electrical contact
and light in- or outcoupling. Here, four finger-like structures extend into
the substrate middle. In the substrate center, these are covered with dif-
ferent layers of organic materials (b) including the absorbers (OPVs) or
emitters (OLEDs). Onto the top, a metallic Al cathode (c) is subsequently
evaporated. This covers the previous layers as a thin stripe perpendic-
ular to the bottom contact fingers. Four active device areas (pixels) are
formed wherever bottom and top contacts meet laterally. The edges of
these pixels are highlighted by dashed lines. Notice that the electrodes
never connect directly as they are always divided by the organic layers.
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4.2.2 Atomic layer deposition: Barrier films
For the deposition of barriers and corrosion protection layers for barriers, three differ-
ent ALD systems are used: A Sentech SI ALD LL plasma-enhanced deposition system
(Sentech Instruments GmbH, Germany), a Beneq TFS 500 ALD (Beneq oy, Finland), and
an Oxford OpAL Plasma ALD (Oxford Instruments plc, UK). Details on the deposited
materials are displayed in Table 4.2.2.
Table 4.2.2: Details on all used ALD materials containing the deposition system, tempera-
ture, precursors, and use of plasma
system material precursor 1 precursor 2 purge gas temperature [C]
Sentech AlOx TMAa oxygen plasmab N2c 100
Beneq AlOx TMAa waterd/ozone N2c 80
Beneq TiOx TiCl4e waterd N2c 80
Beneq Aluconef TMAa ethylene glycolg N2c 80
Oxford HfOx TEMAHfh waterb Ari 80
Oxford SiOx SAM.24™j oxygen plasmab Ari 80
a electronic grade trimethylaluminium
b atomic oxygen from oxygen plasma
c nitrogen gas with 99.9999% chemical purity
d deionized water (quality according to VDI standard 2083)
e electronic grade titanium tetrachloride
f aluminum alkoxide
g mono ethylene glycol (anhydrous, 99.8% purity)
h Tetrakis[EthylMethylAmino] Hafnium (TEMAHf, Air Liquide, France)
i argon gas with 99.999% purity
j SilaneDiAmine, N, N, N’, N’-TetraEthyl (SAM.24™, Air Liquide, France)
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4.2.3 Barrier foil lamination
For some investigations, barrier foils are laminated onto Ca-Tests or devices. For this
purpose an LM 260 (Yosan, Spain) laminator is used with two different adhesives: A
25µm thick proprietary barrier glue with a latent getter and two release liners (tesa SE,
Germany), as well as a commercial two component epoxy (Araldite® 2011+, Huntsman
International LLC, USA). The latter is subjected to a heating step before lamination to
remove excess water. UV-curing is done with an array of four UV lamps of 9W each.
Thermal curing is done on a hot plate. The complete process is done inside a glovebox.
4.2.4 Spin coating: Polymer films
Different polymer layers are deposited using spin-coating. Here, a sample is covered
with a solution containing the material that is to be coated and subsequently spun at
speeds between several hundred and several thousand rotations per minute. Depend-
ing on the spin speed, the solution is spread over the sample and the residual layer
thickness can be tuned. Normally, the deposition is followed by a heating step to evap-
orate remaining solvents. In case of polymer corrosion protection layers on Ca-Tests,
this coating step is done in a glovebox.
4.3 Device characterization
4.3.1 OPV performance: EQE and jV-characteristics
EQE and current-voltage characteristics are measured in custom-built setups running
custom-made LabView software. Both systems use sample holders formultiple samples
and can individually measure them by moving a sample tray. They are integrated into
cabinets to reduce background illumination. For mismatch calculation, EQE measure-
ments are done first, employing the following components: A 7265 DSP lock-In ampli-
fier (Signal Recovery, USA)measures the current response to a choppedmonochromatic
probe light, generated with an Oriel® Apex xenon arc-lamp (Newport, USA). The wave-
length is controlled with a CornerstoneTM 260 1/4mmonochromator (Newport, USA).
During the measurement, no extra bias illumination is applied. Afterwards, current-
voltage characteristics are recorded using an AM 1.5G simulated light generated by
a 16S-150-003 Fade Test Solar Simulator (Solar Light Co., USA) and a Keithley 2400
source measuring unit (SMU) (Keithley Instruments, USA). The illumination density
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for illuminated OPV characteristics is kept at (1000  10) W
m2
. Both systems use a silicon
reference diode for signal calibration.
4.3.2 OPV aging
Controlled aging of OPVs is done in a PL-3 J climate chamber (Espec, Japan) with at-
tached solar simulator SOL2000 (Hönle AG, Germany). Inside, a steady climate can
be generated within certain limits. The chamber uses a psychometric humidity mea-
surement which consists of two thermometers, one of which is kept moist by a wet
cloth. Depending on temperature and humidity, the evaporation from this cloth cools
the thermometer. From the temperature difference and the actual chamber temperature,
a relative humidity can be calculated. The solar simulator approximates an AM 1.5G
sun spectrum with an illumination intensity in measuring distance of (1000  100) W
m2
.
Inhomogeneities in illumination intensity mostly occur due to reflections from the in-
ner climate chamber walls. A custom-built circuit board in the chamber can electrically
contact up to 88 samples (two pixels each). Contacted cells are characterized once every
hour with voltage sweeps from  1V to 1V, in some cases up to 1:5V. A custom-made
python program automatically extracts the most important key parameters from these
measurements: Short-circuit current, open-circuit voltage, fill factor, and saturation.
During measurement down-times, the samples are kept in open-circuit condition.
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(a) OPV aging chamber. (b) OPV aging chamber circuit board.
Figure 4.3.1: Photographs of the climate chamber with solar simulator for OPV aging:
a) overview, b) close-up of the circuit board with illuminated OPVs.
4.3.3 OLED aging
OLEDs aging is done in a custom-built setup for up to 64 samples shown in Figure 4.3.2.
Here, no climate control is used, so all aging is done at ambient conditions. The setup
encases all samples in separatemetal boxes including the samplewith electrical contacts
and a photodetector. Each OLED pixel is separately measured several times a day and
the illumination intensity of the photodetector is recorded. Since no accurate calibration
can be done, the aging is recorded simply as the relative illumination intensity over
time. During measurement down-times the OLEDs are kept in on-state. All aging is
done using a constant voltage to see active area loss reflected in the aging data. During
aging, samples are removed from the setup around once per week to take pictures of
the aged pixels. For this purpose, an optical microscope with attached USB camera is
used.
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(a) OLED aging setup. (b) Single OLED aging box.
Figure 4.3.2: Photographs of the custom-built OLED aging setup. An overview of the
setup is given in a), a close-up can be seen in b). It displays an opened
measurement box with a switched-on partially-degraded OLED, its con-
tacts, and photo detector.
4.4 Thin-film analysis
4.4.1 Atomic force microscopy
Topography data of barrier samples is recorded using a Combiscope (AIST-NT, Nether-
lands) atomic forcemicroscope (AFM) in tappingmode. Here, a cantilever— oscillating
at a resonance frequency— ismoved over the sample surface at close proximity. Chang-
ing surface features induce Van-der-Waals or electrostatic forces in the cantilever. Us-
ing a laser beam deflected on the tip, these perturbations can be used to reconstruct the
topography. As cantilevers, NSC15 silicon tips (MikroMasch, USA) are used. These ex-
hibit a tip radius of 8nm, stiffness from 40–50 N
m
, and resonance frequencies at 325kHz.
Later, root-mean-square (RMS) roughness values are extracted from such micrographs.
Image editing and roughness determination are done using the software Gwyddion.
For AFMmeasurements under inert conditions, a sample is inserted into a special stage
within a nitrogen-filled glovebox. This stage is sealed with a latex membrane to slow
water ingress. The sealed stage is transported to the AFM using a plastic transport box
filled with nitrogen. Opening the box starts the slow permeation of water through the
latex membrane until equilibrium is reached with the outside air. The stage is inserted
to the AFM as soon as possible. Until a first image can be taken, roughly 5–10min pass.
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4.4.2 Profilometer
To acquire linear sample topology, e.g. for material thickness determination, profilome-
ter measurements are done throughout this work. All measurements are performed
using a Veeco Dektak 150.
4.4.3 Scanning electron microscopy
The microstructure of different samples was investigated using scanning electrode micro-
scopes (SEMs). Here, a sample is kept in vacuum while a focused electron beam scans
over its surface. Upon impact, these high-energy electrons can be scattered back or re-
lease low-energy secondary electrons or X-rays with material specific wavelengths. In
this work, only secondary electrons, which have low penetration depths, were used to
determine the surface structure. The following setups are used: Zeiss LEO 1560 (Carl
Zeiss AG, Germany) and FEI Phenom (Phenom-World B.V., Netherlands).
4.4.4 X-ray reflectivity
Densities of AlOx barriers are determined using X-ray reflectivity (XRR) data fitting.
For the measurement, an incident X-ray beam is reflected at different angles from the
investigated sample surface and its intensity is measured in a detector that follows the
reflection. Depending on the layer properties the beam intensity in the detector varies
with the incident angle. Due to Fresnel reflections at interfaces with different refractive
indices, constructive and destructive interference occur on the way to the detector. This
happens individually for every layer and a superposition of oscillations is recorded that
corresponds to the individual layer thicknesses of the sample layer stack. For very low
angles of incident, the beam is mostly influenced by the materials’ densities. Using
fitting routines, individual layer thickness, roughness, and density can be determined.
In this work, a D8 Discover diffractometer (Bruker Corporation, USA). XRR measure-
ments are carried out by Lutz Wilde (Fraunhofer CNT, Dresden, Germany).
4.4.5 Transmittance measurements
Transmittance spectra were recorded with a MPC 3100 two beam spectrometer (Shi-
madzu, Japan). 2nm illumination gap widths are used for specular transmittance.
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4.4.6 Surface free energy measurement
Surface free energies are ascertained using ACCU DYNE TEST™ marker pens (Diver-
sified Enterprises, USA). For this technique, lines are drawn on a surface in question
using the marker pens. As they contain different fluids with known surface free ener-
gies, a limit for the sample can be identified with each pen depending on wetting or
non-wetting ink behavior. The transition value equals the sample surface free energy.
In this work, marker pens with detection values from 0:03–0:06 J
m2
are used.
4.5 Electrical Ca-Test
4.5.1 Ca-Test layer stacks
For the investigations in this work, two different kinds of electrical Ca-Tests are used:
Flexible barrier film tests and rigid thin-film encapsulation tests on glass. In the first
case, a Ca-Test is evaporated onto a pre-manufactured barrier film and subsequently
sealed with a cavity glass and UV-curing epoxy, see Section 4.2. For this test configu-
ration, water ingress comes through the substrate. In case of rigid tests on glass sub-
strates, a Ca-Test is evaporated onto a pristine glass substrate. A thin-film encapsula-
tion is then applied by depositing a moisture barrier directly onto the test. Here, water
ingress comes from above and not through the substrate. In both cases, the Ca contact
to the barrier can be considered direct and corrosion is laterally inhomogeneous. Rudi-
mentary layer stacks are shown in Figure 4.5.2. Both stacks incorporate 100nm thick
Ca sensor stripes (16  5mm2), 100nm thick electrode fingers (Al or Ag), and organic
decoupling layers (C60) between the barrier and the calcium. As the calcium expands
during corrosion, this mitigates stress applied to the barrier. The sensor area between
the inner voltage sensing contacts of the four point probe measurement is the active area
of the Ca-Test. Its size is 11  5mm2. While the stack of flexible Ca-Test remains the
same throughout the course of this work, the thin-film encapsulation Ca-Test stack is
improved several times. In particular, the mechanical decoupling is revised (Chapter
5.1), a Cu layer against bottleneck corrosion is introduced (Chapter 5.2), and a PET foil
is glued onto the test to prevent barrier corrosion (Chapter 6.1). Figure 4.5.3 displays all
additional thin-film encapsulation Ca-Test stacks used in this work.
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(a) Contacts and number. (b) Ca and C60. (c) Thin-film barrier.
Figure 4.5.1: Step-wise deposition of Ca-Tests on glass for thin-film encapsulation
measurement as seen from the deposition source: First Al electrode fin-
gers (a) for a four-point-probe conductivity measurement are deposited.
Afterwards, the Ca sensor organic decoupling layers (b) are deposited on
top. In the last step, a thin-film barrier (c) is deposited. The ruled area
marks the active-area of the Ca-Test.
glass
substrate
barrier layer
100 nm C60
100 nm Ag 
(electrodes)
100 nm Ca 
(a) Thin-film encapsulation.
encapsulation
glass
barrier 

lm
20 nm C60
100 nm Al 
(electrodes)
100 nm Ca 
(epoxy glue)
(b) Flexible barrier films.
Figure 4.5.2: Simple Ca-Test stacks for flexible barrier films (b) and thin-film encapsu-
lation (a). Since several types of thin-film encapsulation are used in this
work, the other stacks are shown in Figure 4.5.3. On a flexible Ca-Test,
a cavity encapsulation glass is glued-on with epoxy (not shown in the
stack). For this, only the rim is glued.
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glass substrate
100 nm C60
barrier layer
PET w/ epoxy glue
100 nm
Al
100 nm Ca
(a) +PET.
glass substrate
100 nm C60
150 nm C60
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(b) +extra C60.
glass substrate
100 nm C60
150 nm C60
barrier layer
PET w/ epoxy glue
25 nm Cu
100 nm Al
60 nm
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(c) +Cu.
Figure 4.5.3: Further Ca-Test stacks for thin-film encapsulation: With glued-on PET
film (a), with additional C60 layer and reduced Ca thickness (b), and
with additional Cu layer against bottleneck corrosion (c). The respective
changes are discussed in Chapters 6.1 (a), 5.1 (b), and 5.2 (c).
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4.5.2 Ca-Test measurement setup
The experimental setup used in this work is custom-built to measure WVTRs at reason-
able accuracy with a high level of parallelization. In total 64 samples can be measured
at once. Two different temperatures can be applied to 32 samples each and every single
sample can be measured with an individual relative humidity.
(a) Insulation box interior. (b)Measurement box. (c) Circuit board close-up.
Figure 4.5.4: Photographs of the Ca-Test setup: a) Overview of the insulation box inte-
rior with heaters, fans, and plastic measurement box; b) Overview of the
plastic measurement box interior with circuit boards, moisture flasks, sil-
ica gel, and fan; c) Close-up of a circuit board for Ca-Test measurements
with Al adapters, moisture flasks and electrical connectors.
The samples are secured on custom-built circuit boards holding up to 8 tests each.
Aluminum adapters are mounted onto the board with screws, pressing the sample con-
tact pads against gold spring contacts of the board for electrical contact. The adapter is
equipped with a flexible rim to prevent sample damaging and moisture leakage. This
way moisture is only applied to the active Ca-Test area as defined in Figure 4.5.1. Inside
the adapters, a hole leads to the constant moisture supply provided by flasks filled with
aqueous saturated salt solutions. These flasks can be screwed into the adapters allow-
ing for easy attachment. The custom-built circuit boards — with samples, adapters and
moisture flasks attached — are placed into plastic boxes which are partially filled with
dry silica gel as desiccant to allow for low background humidities. These plastic boxes
are equippedwith fans for air circulation and electrical connectors for themeasurement.
The plastic boxes themselves are located in thermal insulation boxes for temperature
stability. The insulation boxes also include heating resistors mounted onto heat sinks in
a feedback loop with a thermocouple. Fans are mounted onto the heat sinks for better
heat distribution. This way, a constant temperature can be kept. The feedback loops
are controlled by EDT1411 thermostats (CAL Controls, UK). Photographs of the setup
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are displayed in Figure 4.5.4. Using this setup, temperatures from 12–75 C and rela-
tive humidities from 0–100%RH can be applied to the samples, depending on the salt
solutions (see Section 2.3).
The electrical measurement of the samples is done using a Keithley 2400 source mea-
suring unit (SMU) in four-point-probe mode with a constant voltage of 20mV. The SMU
sends a current through the sample by the outer contacts. This current is automatically
regulated until the SMU measures the set voltage between the inner sensing contacts.
This way contact resistances in the measurement can be neglected. The SMU and the
samples are connected to a PC running a custom measurement software (CaOSMe) via
custom-built electrical switches so every sample can be addressed individually. A mea-
surement is performed every five minutes. During measurement down-times, the sam-
ples are kept in open-circuit condition.
4.5.3 Ca-Test data evaluation
An electrical Ca-Test measurement yields a data set of current (ICa) values vs time.
Ideally, this shows a mostly linear correlation with a negative slope. Data evalua-
tion is done using the custom software CaTE (written by Markus Hähnel, IAPP, 2013).
Here, a linear approximation of the data is performed and the WVTR is calculated
using Equation 3.4.3. For this purpose, the conductance is given by G = ICa
20mV
, the
lateral dimension of the Ca sensor by w = 5mm and l = 11mm. Furthermore, the
areas of water entry and Ca coverage are approximated as equal. For Ca resistivity,
a value of Ca = 6:2 · 10 6
cm is assumed which was experimentally determined by
Hannes Klumbies during former work on the same setup. The fraction of water and
Ca molar masses can nicely be approximated to MH2O
MCa
= 18
40
= 0:45. Ca density is
Ca = 1:54
g
cm3
[201]. Using these values, WVTRs can easily be ascertained. For this
purpose, linear parts of the data set are chosen towards later measurement times to
assure a steady-state regime.
4.5.4 Photographic Ca-Test evaluation
Complementary optical evaluation is additionally done for most electrical Ca-Test sam-
ples. As no gas spacer is used in the setup, defects in the barrier become visible by the
Ca degradation patterns. To ascertain the defect density and generally gain insight into
how a barrier works, tests are normally aborted before complete Ca corrosion. Then,
photographs of the Ca-Tests are taken on a light table showing dark non-corroded Ca
areas and bright calcium hydroxide.
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As described in detail in previous sections, the electrical calcium corrosion test (Ca-
Test) is the predominant measurement method used in this work. Different water va-
por barrier systems are investigated for their properties regarding the protection of or-
ganic devices from moisture ingress. Within this scope, the Ca-Test is used to measure
their WVTRs. During the course of the experimental efforts in this study, several im-
provements are introduced to its design, which are discussed in the following. In the
past, the employed setup has been subject to changes before: From a two-point to a
four-point-probe conductivity measurement as well as the introduction of a mechanical
buffer layer between Ca and barrier. [2, 177] New changes again address electrical as
well as mechanical problems, which mainly occur in thin-film encapsulation devices.
First, a study is performed on the fracture of ALD oxide barriers due to local Ca ex-
pansion during corrosion. Typical interlayers of 100nm C60 are shown to be insufficient
in thin-film encapsulation Ca-Tests on rigid substrates. To successfully protect the bar-
rier from breaking, two organic decoupling layers with a total thickness of 250nm are
needed— below and above the Ca sensor. Next, a corrosion element is observed, which
forms between the Al contacts and the Ca thin-film. Due to this, a preferred corrosion is
observed in the electrode vicinity, leading to an electrical bottleneck. As this causes pre-
mature test breakdowns and false WVTR values, an additional Cu layer is introduced
to the test. This shifts the corrosion element and prevents bottleneck corrosion. Another
improvement on the electrical Ca-Test concerns the protection of the barrier itself from
corrosion and correlated deterioration. To prevent this, PET films are glued onto the
barrier to change sorption mechanics. However, as this concerns a micro-structure re-
arrangement in the barriers themselves, it will be discussed at the beginning of the next
chapter. Using the improvements discussed in this work, exceptionally low WVTRs of
down to 2 · 10 5 g(H2O)
m2d
are measured in a 38 C and 90%RH aging climate.
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5.1 Barrier fracture
In this section, WVTRs of ALD barriers are measured with thin-film encapsulation Ca-
Tests. A strong deterioration of the barrier quality is seen over time. This effect will
be addressed repeatedly in this work (Chapters 6.1 and 6.3.2) as it poses a dominant
challenge to thin-film Ca-Test and organic devices with oxide moisture barriers. Barrier
failure is attributed to lacking mechanical stability upon Ca expansion and investigated
in SEM images as well as in a systematic variation of Ca and C60 thickness in the Ca-Test.
These can be identified as the cause and the solution to barrier cracking, respectively.1
50 µm
no Ca underneath Ca underneath
(a) Overview.
1 µm
(b) Close-up.
Figure 5.1.1: SEM images of 20nm ALD AlOx on aged Ca-Tests: a) overview show-
ing the barrier on parts with and without Ca and b) close-up of a bar-
rier crack. The overview image clearly shows cracks in the barrier where
grown on Ca due to expansion during the corrosion process. (Repro-
duced by permission of the Society of Vacuum Coaters. See [6].)
During the corrosion of Ca to Ca(OH)2, the material expands by a factor of 1.28 [200].
Since high quality moisture barriers generally show pinhole-driven permeation, this
expansion leads to a strong local height gradient around the pinhole. This results in
immense forces on the barrier, potentially breaking it and leading to barrier failure, see
Figures 5.1.2a and 5.1.1 for schematics and scanning electron micrographs, respectively.
To mitigate the resulting mechanical stress, decoupling layers can be introduced be-
tween the Ca and the barrier [2], as well as below the Ca. If a less rigid material like
small organic molecules (in this case C60) is used, the expansion will be partly taken
up by the decoupling layers. If these are thick enough, a barrier failure can be pre-
vented completely. This is assumed to be due to two factors: A slight compression of the
1Content presented in this section is partially published in the proceedings of the 58th Annual Technical
Conference of the Society of Vacuum Coaters. [6]
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molecules in direction of the expansion and a widening of the affected area. In case of
polymeric substrates and resulting flexible Ca-Tests, a decoupling layer of 20nm thick-
ness suffices. Here, high resistance to mechanical stress results from the flexible nature
of the substrate on the one hand and from the gas cavity within the encapsulation glass
behind the Ca on the other hand. However, differences are observed in thin-film Ca-
Tests on glass substrates. Since such tests do not incorporate a gas cavity and because
of the substrate’s rigidity, thicker mechanical decoupling is needed. If the decoupling
layers are not thick enough, the barrier failure is slowed and can sometimes be spotted.
Figure 5.1.3 shows a Ca-Test measurement with a gradually failing barrier due to lack-
ing mechanical decoupling. The WVTR for this sample assumes four different values
over time, which range over one order of magnitude. Each value seems steady for 18h
to 36h until the WVTR suddenly changes to a higher value. Here, mechanical stress
likely builds up inside the sample and cracks it at different locations over time. This ef-
fect normally leads to a cascade of cracking and barrier failure in only a few minutes to
hours. However, this measurement shows us how different parts of a test can be more
or less susceptible to cracking – likely because of differing defect radii and pace of local
water ingress. Ascertaining any meaningful value for a WVTR becomes impossible.
C60
Ca Ca(OH)2
glass
barrier
t
x
(a) Insufficient decoupling.
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Ca Ca(OH)2
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x
barrier
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(b) Sufficient decoupling.
Figure 5.1.2: Schematics of thin-film encapsulation Ca-Test stacks over time: a) using
thick Ca and a single C60 layer for mechanical decoupling and b) using
thin Ca and two thick C60 layers on both sides of the Ca. In both cases the
Ca layer locally expands upon water ingress. Increasing the ratio of C60
to Ca thickness decreases the stress on the barrier and the probability of
fracture. (Reproduced by permission of the Society of Vacuum Coaters.
See [6].)
As Figure 5.1.4 shows, internal stress build-up can be highly influential on the mea-
suredWVTR. Here, apparent WVTRs are shown for Ca-Tests with varying stack design
measuring the same barrier (20nm of ALD AlOx single layer). They range over two
orders of magnitude. Highest WVTRs are recorded for high Ca thickness and a single,
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100nm C60 layer between Ca and the barrier. WVTRs improve if either the Ca thick-
ness is reduced or if the C60 thickness is enlarged. An additional C60 layer on the other
side of the Ca further improves the WVTR. Schematically, this is also shown in Figure
5.1.2b. More Ca leads to higher local height gradients and more stress. This can be
mitigated by more decoupling material. It should be mentioned that lower WVTRs at
higher C60 thickness could also be the result of a getter effect of this compound. Mean-
ing the WVTR could be influenced by water binding to C60 molecules. However, this is
unlikely, since WVTRs start to increase again if a certain thickness is exceeded. Exactly
why aWVTR increase is observed instead of a saturation is unclear. Hypothetically, C60
clustering could worsen growth conditions for the ALD barrier above a certain thick-
ness. Mechanical reasons behind WVTR deviations become even more probable by the
fact that less Ca at equal C60 thickness also results in WVTR decrease. Aside from C60,
other small organic molecules are successfully tested as mechanical decoupling materi-
als: NPB as well as Alq3 both yield stable Ca-Tests with low WVTR deviations (below
20%) compared to C60 tests. They present low-cost, high-throughput decoupling alter-
natives to the Buckminster Fullerene. A variety of non-rigid materials could potentially
work as such.
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Figure 5.1.3:Measurement and WVTR data over time for a Ca-Test with insufficient
mechanical decoupling. Over the course of 80h, the WVTR increases
three times in sharp steps suggesting barrier fracture due to calcium ex-
pansion. (Reproduced by permission of the Society of Vacuum Coaters.
See [6].)
A lower Ca thickness also results in a shorter measurement duration. This can be
problematic for measuring WVTRs higher than 1 · 10 3 g(H2O)
m2d
. In such cases, the Ca
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thickness can be increased if the barrier can withstand the resulting stress. It should be
mentioned that corroding Ca also emits hydrogen gas, which might damage the barrier
layer. It is unclear if this can be a prominent cause of barrier failure, since defects suf-
ficiently large to allow water permeation should also release gas build-up. This could
become critical in case of rapid water ingress or at later test stages. At this point, the
permeation path reaches several microns or even millimeters below the barrier to cor-
rode remaining Ca. In such cases, gas pressure could spawn new defects. However,
stress building up this way would be equally mitigated by the introduction of organic
decoupling layers.
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Figure 5.1.4:WVTRs of the same barrier, measured with different Ca-Test stacks with
different Ca and C60 thickness. To a certain point, lower Ca or higher C60
thickness result in lower WVTRs. However, this does not originate from
a getter function of the C60 because a WVTR increase is observed above
250nm total C60 thickness. (Reproduced by permission of the Society of
Vacuum Coaters. See [6].)
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5.2 Bottleneck corrosion
In this section another cause of failure in the electrical Ca-Test is analyzed. A preferred
corrosion at the Ca-electrode interface introduces an electrical bottleneck, which leads
to WVTR overestimation. This is identified as an electrochemical problem and subse-
quently solved by the introduction of an additional Cu layer in the Ca-Test stack. The
measurement sensitivity in thin-film encapsulation tests is thus reduced by over one
order of magnitude.2
Ca
Al
C60
(a) Bottleneck corrosion.
Cu & C60
Ca
Al
(b) No bottleneck corrosion.
Figure 5.2.1: Photographs of Ca-Test with (a) and without (b) bottleneck corrosion.
Ca-Tests are illuminated from below, dark areas are covered by Ca or Al
while there are no metals in light areas. Bottleneck corrosion can be seed
as a thin bright line at the Al-Ca junction. Accepted for publication in
Review of Scientific Instruments by AIP Publishing LLC. [8]
Figure 5.2.1a shows a photograph of a partially aged Ca-Test, illuminated from the
bottom. Since the corroded calcium hydroxide is transparent and the non-corroded Ca
is opaque, we observe areas of water ingress as light while non-corroded Ca appears
dark. The moisture ingress of the investigated barrier is defect-driven, which is why
circular areas appear around the pinholes in the barrier covering the test. Addition-
ally, a bright stripe appears next to the electrodes indicating local Ca corrosion. While
corrosion around pinholes causes a linear resistance increase — as expected in the mea-
surement — corrosion at the electrodes introduces a strong electrical bottleneck. The
2The results presented in this section are partly published in the journal Review of Scientific Instru-
ments. [8]
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connection to the sensor is being cut off, which cannot be considered a contact resis-
tance. It leads to a high resistance increase even using a four-point-probe geometry, as
shown in Figure 5.2.2. This causes a relation between water ingress and sensor resis-
tance which can still be mostly linear, but shows a much stronger slope than expected
for the barrier, see Figure 5.2.3.
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current
contacts voltage sensing
contacts
- +
- +
1 2 3 4 5 6
pristine test
aged test with bottleneck corrosion
a)
b)
sensing contact
resistance (Al)
Ca sensor
resistance
bottleneck
resistance
Ca(OH)2
- +S- S+
c)
d)
Figure 5.2.2: Schematic cross-sections (a,c) and equivalent circuits (b,d) for pristine
(a,b) and aged (c,d) Ca-Tests without anti-bottleneck corrosion layer. The
equivalent circuit diagram of the aged test shows the problem in the
measurement: High resistances are introduced in series to the active Ca-
sensor, which cannot be considered contact resistances. Accepted for pub-
lication in Review of Scientific Instruments by AIP Publishing LLC. [8]
Figure 5.2.2 shows cross-section schematics and equivalent circuit diagrams for the
pristine and the aged test case with occurring bottleneck corrosion. For such a case,
the Ca below the electrodes and in their direct vicinity corrodes and becomes non-
conductive. In the equivalent circuit diagram, this induces a new serial resistance to
the sensor resistance. This effect is negligible at the outer current contacts and even
towards the outer sides of the inner sensing contacts because of the four-point-probe
measurement. However, it is critical at the inner sides of the sensing contacts. In case of
circular corrosion from pinholes, the same amount of corrosion would enter the equiv-
alent circuit diagram with a parallel resistance character. A current can then still flow
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around the degraded spot, which is not possible in case of bottleneck corrosion. For
bottleneck corrosion, a faster conductance loss is occurring than possible from overall
Ca corrosion. As we established in Chapter 3.4.3, the measured WVTR is linear to the
derivative of the current through the Ca sensor over time. Therefore, a stronger current
loss leads to an overestimated WVTR.
The importance of the Ca-electrode interface has been shown before by Dameron et
al. [210] However, they observe an electrode delamination, which is fundamentally dif-
ferent from the cause of failure shown here and should not be mixed up. Here, the
preferred corrosion of Ca in the proximity of the electrodes is likely caused by the dif-
ference in electrochemical potential E0 between the two touching metals Ca (sensor,
E0;Ca =  2:868V) and Al (electrode, E0;Al =  1:662V). [211] In the case of an electro-
chemical corrosion element [212], the less noble metal — in this case Ca — will corrode
in presence of an electrolyte — likely ingressing water. Though it is usually assumed
for Ca-Tests that water is immediately gettered in contact with Ca, it has been shown
that this is not entirely true. [194] A certain water concentration can thus be expected
to spread all over the test beyond the visible corrosion spots of the pinholes. At the
electrode junction, this low concentration can be sufficient to cause Ca corrosion within
a corrosion element. This also explains inhomogeneous bottleneck corrosion at the in-
terface: Water still needs to diffuse to the junction, so parts within close pinhole vicinity
corrode more strongly. Furthermore, this explains a certain lagtime for the bottleneck
corrosion to set in in Figure 5.2.3: The moisture barrier is comparatively thin and the
gradient through it is high, so a steady-state diffusion sets in shortly after the start of
the measurement. However, for the bottleneck corrosion to start, water must diffuse
over distances close to the mm regime — driven by almost negligible gradients. As a
result, it takes roughly one day before the Ca-Test slopes drops as the water reaches the
interface.
According to electrochemical theory, this kind of corrosion only occurs between two
materials in a system of several interconnected metals: Those two showing the highest
difference in electrochemical potential. We will always need electrodes for the electri-
cal Ca-Test, which are nobler than Ca. Nonetheless, it is possible to introduce a third
metal into the test. Figure 4.5.3c shows the Ca-Test stack of evaporated thin layers. A
Cu (E0;Cu = 0:3419V) [211] layer is introduced to the system, which is in direct contact
with the Ca as well as the Al, so that corrosion now occurs between Cu and Ca. The Cu
layer covers the complete area of the Ca, meaning that the bottleneck problem is now
transformed into a homogeneous corrosion, see Figure 5.2.4. Ca-Tests with and with-
out Cu interlayers are covered with a 20nm barrier of ALD AlOx deposited and mea-
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Figure 5.2.3: Ca-Test data for two different Ca-Test stacks each measuring an equiva-
lent 20nm ALD AlOx barrier — with (dashed line) and without (solid
line) anti-bottleneck corrosion layer. The WVTR appears to be signif-
icantly higher in the case without anti-bottleneck corrosion layer. Ac-
cepted for publication in Review of Scientific Instruments by AIP Pub-
lishing LLC. [8]
sured under equal conditions. While tests without Cu still show a mostly linear current
over time, their WVTR is measured as 8 · 10 4 g(H2O)
m2d
. For the test incorporating an anti-
bottleneck-corrosion layer, a WVTR of 6 · 10 5 g(H2O)
m2d
is observed — an improvement of
over one order of magnitude. The same can be said for the possible test duration. It is
elongated from under two weeks to several months. In Chapter 6.1, measuring similar
barriers with the improved Ca-Test stack in the same aging climate of 38 C and 90%RH
yields a minimumWVTR of 2 · 10 5 g(H2O)
m2d
.
In electrical terms, the additional Cu layer obviously introduces another parallel re-
sistance. This affects the absolute current through the test, but not the WVTR measure-
ment, as this is proportional to the derivative of the current, which is dependent on the
conductance, not the resistance. A constant additional conductance is irrelevant for the
measurement. The full-area contact on top of the Ca even proves beneficial, because cur-
rent cutoffs due to scratches or unfortunate pinhole placement (see Figure 3.4.1, lower
right corner) can partially be avoided. At this point, it should be clarified that a cor-
rosion of the Cu itself is possible, potentially causing a change in WVTR. However, it
is highly unlikely to start corroding before the complete Ca is transformed to calcium
hydroxide. After optical confirmation of complete Ca corrosion, a WVTR of approxi-
mately 3 · 10 6 g(H2O)
m2d
is measured as baseline — still one order of magnitude below the
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Figure 5.2.4: Schematic depiction of Ca-Tests without (a) and with (b) anti-bottleneck
corrosion layer. The Cu layer is evaporated below the full Ca area and is
in electrical contact with both other metals. This way the corrosion ele-
ment is spread from Al-Ca junction to the complete Ca area. The preferred
corrosion is now happening equally over the complete sensor area and a
bottleneck is prevented. Accepted for publication in Review of Scientific
Instruments by AIP Publishing LLC. [8]
signal.
The effect is also observed for samples with Al contacts deposited after the Ca sen-
sor and for Ag contacts, as displayed in Figure 5.2.5. For the Ca-Test stack without Cu
anti-bottleneck layer, 60nm of Ca are evaporated onto 100nm of Al electrodes. If the
step coverage during this deposition is unfavorable, the Ca layer could rip upon ex-
pansion. This could also explain the observed effect in Figure 5.2.1a. However, this is
not the case. Figure 5.2.5a shows a different experiment without Cu layer, where the
Ca sensor is evaporated first and contacts afterwards. Circular corrosion around pin-
holes and bottleneck corrosion are both visible. This proves that poor step coverage and
subsequent Ca breakage cannot be the underlying mechanisms of the observed bottle-
neck. The sample used for this experiment is a flexible Ca-Test as described in Chapter
4.5.1. Furthermore, another Ca-Test is shown with Ag electrodes instead of Al in Figure
5.2.5b. Again, circular corrosion around pinholes and bottleneck corrosion is visible. A
different layout is used in this investigation incorporating anti-side-diffusion Ca pads
in addition to the Ca sensor. These pads are not connected electrically, yet they show
the same bottleneck corrosion. This proves that the interface between two metals of dif-
ferent nobility is enough to cause this mechanism. (Exact Ca-Test stack: Glass / 100nm
Ag electrodes / 60nm Ca / 100nm C60)
In conclusion, a failure mechanism for electrical calcium corrosion tests is presented
that leads to strong overestimation of WVTRs of moisture barriers. Likely because of
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(a) Polymer substrate. (b) Ag electrodes.
Figure 5.2.5: Photographs of Ca-Tests showing bottleneck corrosion: On polymer sub-
strate (a) and on glass using Ag as electrode material (b). On the polymer
substrate, the electrode is evaporated onto the Ca sensor. The observed
effect can thus not be caused by a poor step coverage leading to Ca frac-
ture at the junction. Bottleneck corrosion for a test using Ag electrodes
confirms the electrochemical origin of the problem. Accepted for publi-
cation in Review of Scientific Instruments by AIP Publishing LLC. [8]
differences in electrochemical potentials, bottleneck corrosion occurs at the electrodes.
This is successfully prevented by introducing a full-area Cu layer below the Ca sensor.
As a result, the test background rate is lowered by more than one order of magnitude.
While this does not prove problematic for the measurement, it gives the additional ad-
vantage of scratch failure prevention.
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6 Barrier investigations
In this work, different barrier systems are investigated: Either regarding WVTR op-
timization, stability in chemical or mechanical stress situations, climate influence on
permeation kinetics, or their application on organic devices. This chapter discusses all
those parts of this thesis. As a link between Ca-Test investigations and barrier science,
the chapter starts with an investigation on ALD barrier corrosion leading to a break-
down of the test. Here, the barrier is investigated with several techniques to deduct the
origin of its failure. Afterwards, multiple ways of preventing this issue are discussed
and compared. Continuing onALD barriers, nanolaminates are investigated next in this
chapter. Here, alternating layers of AlOx and TiOx provide the core structure for three
distinct sections on this topic: Optimization by varying single and total layer thickness,
mitigation of internal film stress by the introduction of MLD layers, and application
onto OLEDs by varying the oxidizing precursor. Next, transparent and opaque metal
barriers are investigated regarding their potential for seeding, multilayer decoupling
using organic materials, and lastly the lamination of two separately manufactured bar-
riers to achieve a decoupling by default. Following that section, different barriers are
subjected to a multitude of aging climates to investigate their WVTR response in Ca-
Tests. This enables the deduction of sorption laws, the nature of interface diffusion,
and temperature activation. Investigated barrier systems are ZTO films and ALD AlOx
single layers on PPEN. OPVs are aged in different climates as well using ALD barriers
for thin-film encapsulation. This allows for deep insights into the nature of their degra-
dation. Lastly in this chapter, highly efficient and fully flexible solar cells are produced
using different means of encapsulation for an extensive comparison.
6.1 Barrier corrosion prevention
This section focuses on the corrosion of barriers in humid climates and how this can be
prevented. The investigation uses ALD AlOx single layer barriers as thin-film encap-
sulation for Ca-Tests. Observing a quick breakdown of such tests in humid climates,
AFM images and XRR measurements are done on solitary barriers revealing a film re-
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structuring, density decrease, and spawning defects. Afterwards, the same barriers on
Ca-Tests are covered with different protective layers of other ALD materials or poly-
mers. Their effectiveness is evaluated in respect of thickness, surface energy, and depo-
sition method. Simply gluing a PET film onto the barrier stands out as a low-cost, easy
technique that is used in further investigations.1
6.1.1 Test breakdown and cause analysis
Investigating the WVTRs of 20nm ALD AlOx layers, Ca-Tests show a breakdown be-
havior upon entering a 38 C and 90%RH climate. Though Ca presence and good con-
ductivity are confirmed before introduction to the measurement system, a maximum of
one data point is recorded before the samples become non-conductive (measurement
duration below 5min). A typical measurement displaying a breakdown is shown in
Figure 6.1.1. For such measurements the following Ca-Test is used: Glass substrate,
100nm Ag electrode fingers, 100nm Ca sensor, 100nm C60 mechanical decoupling, and
20nm AlOx barrier. The stack is displayed in Figure 4.5.2a. In the remainder if the in-
vestigation, this stack will be called layout A. Layout A exhibits barrier cracking and
bottleneck corrosion. Paired with the barrier corrosion investigated in this section, no
actual WVTRs can be ascertained using this Ca-Test stack. Instead, barrier qualities
will be given as the time until the test completely fails electrically. After preliminary
measurements on barrier-only samples, another Ca-Test stack will be used to measure
accurate WVTRs. This stack matches the one shown in Figure 4.5.3c and will later be
called layout B. As for all ALD barriers presented in this work, the barrier is deposited
at temperatures that allow for polymer substrates and direct encapsulation of organic
devices — in this case 80 C (Beneq system, see Chapter 4.2.2).
For a preliminary investigation of the breakdown behavior and to determine its un-
derlying cause, several measurements are done on barriers without Ca-Tests under-
neath. To guarantee similar growth conditions during the ALD, 100nm of C60 are de-
posited onto glass substrates beforehand. AFM images of these barrier-only samples are
recorded in pristine conditions and during a slow humidity increase to ambient condi-
tions. This is done using a special AFM stage which is protected with a latex membrane,
as described in Section 4.4.1. Initially filled with nitrogen gas during sample mounting
in a glovebox, the stage slowly adjusts to the lab climate over the course of few hours.
During this time, AFM images are recorded and RMS roughness data extracted. Start-
1The results presented in this section are published in the journal Applied Materials and Interfaces of
the American Chemical Society. [7]
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Figure 6.1.1: Ca-Test data equivalent 20nm ALD AlOx barriers: Thin-film encapsula-
tion Ca-Tests with glued-on PET film for stack layout A (solid line) and
layout B (dotted line) as well as on polymer substrate (dashed line). On a
polymer substrate as well as with layout B, a steady measurement is pos-
sible. However, layout A yields a rapid electrical test breakdown after
less than one day. (Reprinted (adapted) with permission from [7]. Copy-
right 2015 American Chemical Society.)
ing at 1:1nm, the roughness slowly increases within one day and saturates at 1:8nm, see
Figure 6.1.2b. Now, the sample is removed from the stage and subjected to a 38 C and
90%RH climate for merely five minutes. New AFM images reveal a rapid increase to
3:7nm roughness, afterwards. Figure 6.1.2a displays the images for a pristine and com-
pletely aged barrier. Here, we can determine the reason for a rapid breakdown of the
Ca-Tests: The nature of the film roughening lies in the development of hillocks larger in
dimensions than previous surface features. Simultaneously, other barrier parts reveal
holes where rapid moisture ingress is possible. This is easily deduced, because surface
features now measure 20nm from lowest to highest peak. Since this is the nominal
thickness of the ALD barrier, it suggests serious changes in thin-film micro-structure.
Investigations continue with XRR measurements. Equivalent barrier-only samples
are prepared and measured in the following aging states: Pristine and aged at 38 C
and 90%RH for 5, 15, and 60min. Fits of the XRR data reveal a sudden drop in AlOx
density upon exposure to a humid climate. The density starts out at around 2:9 g
cm3
but
drops by approximately 7% to 2:7 g
cm3
for five minutes of exposure. The high speed of
the thin-film restructuring becomes evident with inspection of the other samples’ data:
The density remains at this low value for longer exposure times. As no further change
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Figure 6.1.2: AFM data of corroding 20nm ALD AlOx films: a) Images of the pristine
film and after 5min in a 38 C and 90%RH climate, b) RMS roughness
data extracted from images for one day storage in ambient and 5min
at 38 C and 90%RH. Strong hillock formation and roughness increase
can be observed for only short exposure to warm and damp climates.
(Reprinted (adapted) with permission from [7]. Copyright 2015 Ameri-
can Chemical Society.)
is recorded, it becomes likely that the actual restructuring happens within very short
times below five minutes. While the density is decreasing, the film thickness appears
roughly constant throughout the measurements. XRR data can be seen in Figure 6.1.3.
At this point, it is worth mentioning that a density decrease in XRR data could be ag-
gravated by the roughening as seen in the AFM images. The beam signal is averaged
over a certain area and densities are calculated from data at low angles of incident. To a
certain degree, this can lead to roughness being mistaken for lower density. However,
it is unlikely that this effect alone accounts for the strong drop in density. The Ca-Test
breakdown behavior, AFM roughness increase, and XRR density increase all point to-
wards a restructuring of the AlOx thin-film. Such effects will likely cause defects such as
pinholes, cracking and generally low density areas leading to highly increased amounts
water ingress.
Crystalline alumina has a density of 3:965 g
cm3
[201] and can withstand corrosion in
much harsher aging conditions than used here. [213] However, ALD in this investiga-
tion was done at temperatures as low as 80 C to protect polymer substrates and poten-
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Figure 6.1.3: XRR data for 20nm ALD AlOx thin-films in pristine state as well as after
exposure to a 38 C and 90%RH climate for 5, 15, and 60min. Individual
data curves are fitted to extract thin-film density and thickness. A sharp
decrease in density can be seen for even short exposure to humid air,
further exposure does not alter the density any further suggesting a fast
reaction. (Reprinted (adapted) with permission from [7]. Copyright 2015
American Chemical Society.)
tial organic devices from deterioration during deposition. Low-temperature ALD alu-
mina films are known to exhibit stoichiometry different from Al2O3, amorphous film
structure, and overall lower densities around 2:8–2:9 g
cm3
. [158, 214] In such films, hy-
droxide groups from incomplete TMA reactions can be expected to promote incorpora-
tion of water molecules. Thus, the micro-structure can be rearranged leading to barrier
deterioration. Furthermore, Carcia et al. have shown that low densities in such films are
connected directly to higher hydrogen contents. They reason that the thin-film product
of low-temperature ALD can much rather be described as an oxy-hydroxide than an ox-
ide. [121] Hydroxide groups within the aluminum oxide matrix render the film vulner-
able to corrosion upon contact with water. Additionally, residual carbon — also known
to be present in such films [215] — could promote reactions with water. Interaction of
the thin-film with direct condensation of water from the humid atmosphere is likely to
cause hillock formation, roughness increase, and density decrease. This then results in
a rapid increase of the WVTR. Since layout A uses high Ca thickness and thin mechan-
ical decoupling, a high initial WVTR quickly results in test breakdown by cracking of
the relatively rigid AlOx layer due to Ca expansion, see Chapter 5.1. In the next sec-
tion, several approaches are attempted to protect the observed barrier corrosion. Other
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ALD layers, as well as different kinds of polymer are successfully applied to Ca-Tests
to hinder corrosion reactions.
6.1.2 Corrosion inhibition
Successful protection of low-temperature ALD thin-films has been reported on before
in literature. [121, 159, 163, 164] Abdulagatov et al. have shown the protection of AlOx
grown on copper by additional ALD processing of TiO2. [163] Kim et al. have success-
fully deposited parylene to impede direct condensation. [164] Furthermore, Dameron
et al. have used rapid-ALD silica for protection. [159] However, so far no comparative
study has been performed using several methods and materials. In this section, a to-
tal of four different ALD materials and an additional five polymer coating approaches
are used for comparative barrier corrosion protection. Within the investigation, not
only materials, but also deposition technique, thickness, and surface energy are var-
ied and measured accordingly. In this section, electrical Ca-Tests are again thin-film
encapsulated with 20nm of ALD AlOx. Afterwards, this barrier is covered with dif-
ferent materials in order to protect the barrier from corrosion. Protective layers can be
roughly divided into two material classes: polymers and ALD thin-films. Individual
ALD materials are chosen with respect to successful application in literature and ease
of processing — preferably in the same deposition chamber as the barrier. Selected
ALD materials are expected to show protective abilities due to differing growth condi-
tions. Lower susceptibility to corrosion could result from higher crystallinity and lower
contents of residual hydrogen or carbon. For comparability, all protective ALD thin-
films are deposited with a thickness of 10nm. A different working principle is expected
for protective polymer layers. Here, direct contact with humid air is to be inhibited
in order to change sorption behavior. Thus, condensation on the ALD barrier surface
is prevented. Simultaneously, a covering polymer layer stabilizes the barrier not only
chemically, but also mechanically. The effectiveness of the protection is evaluated with
the Ca-Tests. Here, two types of tests are used. Layout A — as described last section
— is used to measure all ALD thin-film protection layers as well as some polymers. It
shows a test breakdown and cannot be used to determine WVTRs; quality of protec-
tion is given as the total test duration until complete conductance loss (breakdown).
Another layout — incorporating valuable changes to the Ca-Test from Chapter 5 — is
afterwards used to ascertain WVTRs for ALD TiOx and several different polymers in an
in-depth approach. Its stack resembles the one shown in Figure 4.5.3c and will be called
layout B. Within layout B, most importantly a sudden breakdown is prevented by the
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integration of thicker mechanical decoupling layers so steady WVTRs can be recorded.
A schematic depiction of both Ca-Test layouts as well as both anti-corrosive strategies
(ALD and polymeric) is shown in Figure 6.1.4.
C60
AlOx
water ingress
glass
Al electrodes
C60
Cu
C60
AlOx
ALD protection
a) b) c) d)
Figure 6.1.4: Ca-Test stacks and corrosion protection strategies: a) Layout A, b) layout
B, c) protection by ALD thin-films, and d) protection by polymeric films.
(Reprinted (adapted) with permission from [7]. Copyright 2015 American
Chemical Society.)
Table 6.1.1 shows the time until complete test breakdown for all layout A Ca-Tests
with different protective layers: 10nm TiOx, 10nm HfOx, 10nm SiOx, 10nm alucone
(MLD), and a glued-on Melinex®PET film. All of these tests exhibit a breakdown. As
explained above, this relates to a self-accelerating effect due to expanding Ca, which
breaks the barrier during its corrosion. Though this does not directly connect to the
barrier corrosion, a protective effect can be indicated using this layout, nonetheless. The
described breakdown effect takes a necessary minimum water amount to start because
a certain stress must be applied to the barrier before breaking. The stronger a barrier
corrodes — resulting in a higher WVTR — the sooner the Ca-Test will end in a break-
down. For the investigated ALD-only systems, the amount of mechanical stress is likely
very similar, so protective abilities of these layers can well be compared. A clear trend
can be seen in Table 6.1.1: We observe little to no effect for SiOx and HfOx, which can
increase the time of the measurement by only a few minutes. More of an effect can be
seen for an alucone thin-film. As the partially organic film exhibits higher flexibility (see
Section 6.3.2), an increase to 40min could also be related to better mechanical stability,
as it is argued below. TiOx exhibits the best protective capability of ALD materials. An
increase of the time until breakdown to one hour correlates well with successful appli-
cation of this material against thin-film corrosion in literature. [163,216] Lastly, glued-on
PET films enable a much longer measurement of approximately one day. However, it is
unclear whether this is only caused by a reduced susceptibility to corrosion. Since the
protective layer itself is flexible, over 6000 times thicker than the barrier, and has good
adhesion to it, barrier cracking because of Ca expansion could require much more me-
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Table 6.1.1: Ca-Test breakdown times tbreak and their standard deviation break for layout A
depending on the protective material. Ca-Tests are thin-film encapsulated with
20nm of ALD AlOx and covered by five different protective materials or nothing.
Additional deposition information is given for each protective layer. (Reprinted
(adapted) with permission from [7]. Copyright 2015 American Chemical Society.)
protective material tbreak [min] break [min] thickness deposition technique
none  3 — 0nm —
SiOx 5 1 10nm thermal ALD, 80 C
HfOx 15 1 10nm thermal ALD, 80 C
aluconex 40 11 10nm thermal ALD, 80 C
TiOx 60 10 10nm thermal ALD, 80 C
PET 1440 180  135µm glued on with UV-
curing epoxy
chanical stress. This could lead to an overestimation of the anti-corrosive capabilities of
polymeric protection layers.
The investigation is continued using Ca-Test layout B which is highly sensitive with-
out exhibiting test breakdowns and yields steady-state WVTRs for all samples. Equiva-
lent to the first part of the investigation, a 20nmALDAlOx thin-film covers the Ca-Tests.
Exemplary data curves are displayed in Figure 6.1.1. Using layout B, the following pro-
tective layers are applied to the barrier: 10nm TiOx, representing protective ALD layers,
the fluoropolymer EGC-1700 spin-coated at 1500 and 3000 rpm spin speed, spin-coated
negative photo resist nLof 2020, 125mum PET films glued on using UV-curing epoxy
XNR 5592, and a pure layer of XNR 5592. Individual thickness and surface energy are
measured and displayed alongside the Ca-Test WVTRs in Figure 6.1.5. Comparative
data are also shown for non-protected barriers. A breakdown is no longer visible in
any of the Ca-Test samples aged at 38 C and 90%RH. Without protection, a WVTR of
3 · 10 3 g(H2O)
m2d
is observed. As seen for layout A, TiOx exhibits a protective effect against
barrier corrosion: the WVTR is lowered by one order of magnitude to 3 · 10 4 g(H2O)
m2d
. It
can be assumed that other ALD materials from Table 6.1.1 also show protective effects.
However, they are likely less effective, since breakdowns were observed earlier for all
of them. The evident protective qualities of TiOx and other ALD materials can likely
be attributed to the films’ reduced susceptibility to humidity upon adsorption and con-
densation on the surface. The WVTR decreases by another order of magnitude in case
of barrier protection made from polymers. On the 20nm ALD AlOx barrier, almost ev-
ery polymeric protection layer yields values from 2–4 · 10 5 g(H2O)
m2d
in a 38 C and 90%RH
aging climate. No thickness dependency can be seen even though film thickness ranges
over more than two orders of magnitude. Furthermore, the same material (EGC-1700)
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yields the same WVTRs for different coating thickness. Additionally, within the scope
of the investigation no dependency of the deposition technique (spun, dispensed from
needle, ready-made film) can be seen. Lastly, the material itself — e.g. fluorinated vs
non-fluorinated — does not appear to influence its effectiveness. As long as a polymer
is used, WVTRs stay constant as values for the surface free energy in Figure 6.1.5 nicely
confirm. This result is quite remarkable: These values not only prove the high quality
of the used barrier, but they reveal the underlying cause of corrosion inhibition. If the
process of sorption and condensation is spatially separated from these easily corrodible
thin-films, no corrosion seems to take place. Once inside the polymer, water diffusion
along the ALD barrier does not cause a harmful reaction within the concentration lim-
its used here. This investigation highlights the importance of the sorption process as
the WVTR is completely dominated by the ALD barrier once covered with a polymer.
Furthermore, it emphasizes the necessity for barrier protection while confirming results
from measurements using layout A.
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Figure 6.1.5: Data for Ca-Test layout B using different corrosion protection strategies:
WVTRs, thickness, and surface free energy values. ALD layers show
measurable, but insufficient protection. For polymers, good protection
is observed. Here, no WVTR dependency on film thickness, deposition
method, or surface free energy can be observed. (Reprinted (adapted)
with permission from [7]. Copyright 2015 American Chemical Society.)
The lower effectiveness of ALD thin-films against barrier corrosion is likely caused
by residues of hydrogen or carbon, as well as lacking crystallinity. Just as the barrier
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layer itself, the protective ALD coating coarsens in contact with humid air and partially
reveals the AlOx thin-film. This exposure then initiates the same process for the bar-
rier until new defects have spawned. The less susceptible an ALD film is to corrosion,
the less it will accordingly coarsen and expose the vulnerable barrier. This leads to the
differences in effectiveness. Higher reactor temperatures during deposition can be ex-
pected to yield better protective capabilities, but as application on organic devices is
of key importance for this work, significantly higher temperatures are not considered.
However, benefits of different ALD processes can be seen in Figure 6.1.5 as well. An-
other ALD AlOx layer is deposited using plasma-enhanced ALD and atomic oxygen
as oxidizing precursor. The layer has the same thickness, but is deposited at 100 C.
With the corresponding Ca-Test, a WVTR of 3 · 10 5 g(H2O)
m2d
is recorded, also at 38 C and
90%RH. This even suggests a lack of any kind of barrier corrosionwithin the time frame
of the investigation. However, as some organic devices cannot withstand such deposi-
tion conditions, this type of encapsulation is not generally advisable.
With a WVTR of 7 · 10 5 g(H2O)
m2d
, solely the single layer UV-curing epoxy glue yields a
different value than other polymeric protection layers. However, this could be due to
handling problems during deposition or thickness inhomogeneities as the film was not
dispensed in a standard process. Using the epoxy to glue on a PET film, only a small
volume of epoxy is deposited with a needle onto the sample. Capillary forces spread
this drop over the complete test area when the PET is laid onto it, reducing the epoxy
thickness to a few microns. In case of a deposition of pure epoxy, this procedure cannot
be used. A larger amount of epoxy has to be deposited that exhibits large variations
in thickness. The measured WVTRs are well within the accuracy limit at such low
detection rates for all other polymer protection layers.
Of all applied protective polymer layers, the glued-on PET film shows the most sta-
ble results. Furthermore, it presents the easiest method of deposition and is highly
reproducible. At this point, it should be remarked that the WVTR of the Ca-Test is not
influenced by the PET film aside from its protective qualities. The manufacturer pro-
vides WVTRs of 4 · 100 g(H2O)
m2d
for Melinex®PET films. The permeation into the Ca-Test
is completely dominated by the ALD barrier. Furthermore, this solution should not be
considered extra effort, because mechanical protection of the barrier presents a neces-
sity anyway. For these reasons, a glued-on PET film has become an in-house standard
procedure to inhibit corrosion in barrier thin-films.
In conclusion, catastrophic failure of ALD AlOx thin-films is seen in Ca-Tests. Root
causes are successfully identified as barrier corrosion using AFM and XRR measure-
ments. They reveal humidity-induced roughening of the films and a fast decrease in
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density which saturate after 5min of exposure to 38 C and 90%RH. Morphological
changes can be attributed to an incorporation of water and a micro-structure rearrange-
ment. Water incorporation and the subsequent failure of the barrier are likely caused
by a high content of hydroxide groups within the films — a direct consequence of the
lowALD process temperature required for deposition on temperature-sensitive organic
materials. The problem is then solved by additional protection layers covering the bar-
rier and shielding it from direct contact with humid air. In total, four different ALD
materials and five different polymeric layers are applied to the ALD barrier. Ca-Tests
reveal protective qualities for most ALD materials, demonstrating their lower suscep-
tibility to corrosion. However, all of them ultimately exhibit insufficient protection if
also deposited at low temperatures. On the other hand, all polymeric protection layers
yield roughly the same WVTR, independent of thickness, surface free energy, or exact
deposition technique, showing the importance of sorption during the corrosion process.
WVTRs down to 2 · 10 5 g(H2O)
m2d
are measured at 38 C and 90%RH. This highlights the
sensitivity of high-barrier films and the importance of their surface or interfaces to the
neighboring materials to achieve barriers with low and stable permeation. The inves-
tigation also emphasizes the immense potential of ALD barriers for the encapsulation
of organic devices, which can withstand harsh climate conditions, even if processed at
low temperatures.
105
6 Barrier investigations 6.2 Complementary information on ALD thin-film quality
6.2 Complementary information on ALD thin-film
quality
In this work, thin ALD AlOx single layer barriers are used in several investigations. For
film thicknesses as low as 20nm, we have already seen excellent WVTRs in the lower
10 5 g(H2O)
m2d
regime at 38 C and 90%RH. This section shows the applicability of these
films in flexibility and transmittance data. Excellent moisture barrier quality is com-
plemented with extremely high transparency and good flexibility. All ALD films in this
section are deposited using the Sentech system. Each deposition cycle for AlOx contains
the following steps: 80ms TMA precursor pulse, 5 s N2 purge, 5 s oxygen plasma, 2 s N2
purge. For 20nm and 50nm, 220 and 550 cycles are used, respectively.
Figure 6.2.1 shows the optical transmittance of PPEN films with and without 20nm
ALD AlOx thin-film. For a spectrum from 400nm to 750nm wavelength, the samples
exhibit good transmittance between 85% and over 90%. In addition to this, the transmit-
tance loss from the AlOx thin-film is shown as difference of both transmittance curves.
Here, the exceptional quality of the ALD shows. Over the complete spectrum, trans-
mittance loss never exceeds 1%. Paired with extremely low WVTRs, this highlights the
good prospects for this technology for moisture barriers.
400 500 600 700
65
75
85
95
0
2
wavelength [nm]
tr
a
n
s
m
it
ta
n
c
e
 [
%
]
tr
a
n
s
m
it
ta
n
c
e
 d
i
e
re
n
c
e
 [
%
]
di erence
pure PPEN lm
PPEN lm with 20 nm AlOx
transmittance loss from AlOx
Figure 6.2.1: Optical transmittance data for PPEN film with and without 20nm ALD
AlOx thin-film. Overall transmittance between 400nm and 750nmwave-
length ranges from 85% to over 90%. In addition to the raw transmittance
data, the transmittance loss caused by the AlOx thin-film is displayed.
The loss is calculated as the transmittance difference of PPEN with and
without ALD thin-film. For the complete data set, the optical transmit-
tance losses of the barrier film do not exceed 1%.
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Similar flexible barrier samples are also used in a mechanical flexibility investigation:
PPEN films with ALD AlOx thin-films of 20nm and 50nm thickness are repeatedly
bent over different radii. In this investigation, the primary deterioration pathway of
the barrier films becomes evident very quickly. For a 20nm thick film, no quality loss
can be measured up to a certain minimal bending radius. Below this critical radius,
barriers suddenly crack and are fatally damaged. This can even be seen by the naked
eye. Figure 6.2.2a displays an optical microscope image of such a cracked sample with
20nmAlOx. In order to make the cracks most visible, this sample is bent repeatedly at a
very low bending radius of 2mm. This makes the cracking process visible: At the edge
of the sample, a strong distortion of the film can be seen. As the films are bent with the
barrier film facing outward, a slight delamination of the thin-film edges at the cracks is
likely.
(a)Microscope.
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(b) Profilometer.
Figure 6.2.2: Characterization of bent and cracked 20nm ALD AlOx film on PPEN us-
ing: Optical microscope (a) and profilometer (b). The microscope image
is taken at the edge of the sample. Here, a strong distortion of the bar-
rier thin-film can be seen at the cracks. The profilometer line scan is per-
formed perpendicular to the cracks, showing three of them. It shows the
topography of the sample in a cross-section. In addition to the data, a
guide to the eye is drawn with an offset for clarity. It resembles the data
curve without noise from particles and other sources of error. Especially
striking is the depth of the cracks, which often exceeds the actual ALD
layer thickness (20nm).
This is confirmed in profilometer measurements depicted in Figure 6.2.2b. Here, a
line scan over three cracks shows the thin-film behavior at the crack edges: Here, the
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surfaces bend upwards leaving a wide gap in between. This gap exhibits very strong
height gradients. In case of Ca-Test deposition, 100nm thick Al electrodes cannot con-
tact the Ca sensor as they are discontinuous. For a WVTR investigation, electrodes are
redrawn using liquid silver paste for contacting. WVTRs of the complete investigation
are depicted in Figure 6.2.3. No significant influence of bending can be observed for
any bending radius above 12:5mm. Up to 300 bending cycles using a radius of 15mm
do not result in a change of WVTR. Though the WVTR of only one sample is measured,
several are bent without the appearance of cracks. At 12:5mm bending radius, the films
start showing a strong instability. Though some crack almost immediately, others en-
dure up to 300 cycles. This transition phase end at 10mm bending radius. Here, every
sample cracks after only few bending cycles. Lastly, also 50nm thick samples are bent.
Here, the critical bending radius appears to shift to higher values, likely due to increas-
ing film stiffness. At 12:5nm, all samples crack after few bending cycles. It should be
mentioned that in an actual device, less mechanical stress will likely build up at equal
bending radii. This is due to the fact that devices will exhibit polymer films on both
sides with barriers close to the dry substrate. This is necessary to prevent scratches and
other mechanical, as well as chemical influences. As Lewis et al. have shown, this puts
the barrier closer to the neutral plane during bending, resulting in less strain. [146]
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Figure 6.2.3:WVTRs of bent ALD AlOx thin-films on PPEN substrates. Bending ex-
periments are varied in three parameters: ALD layer thickness (20nm,
50nm), number of bending cycles (300, 100, 30, none), bending radius
(10µm, 12:5µm, 15mm).
In conclusion, extremely thin layers of ALD AlOx on PPEN films are characterized
optically and mechanically. An extraordinary low transmittance loss of under 1% is
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observed for 20nm thick films. Bending such flexible barriers results in fatal damage
below a critical radius which depends on the barrier thickness. For 20nm barriers, this
critical radius lies at approximately 12:5mm. For industrial production, this is extremely
low, as typical coating rollers exhibit radii of at least several cm. Even for consumer
electronics, this does not pose a significant limitation, especially since less stress will
likely build up in an actual device. Although foldable devices will not be possible using
this barrier, rollable devices seem realistic.
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6.3 ALD nanolaminate barriers
Atomic layer deposition (ALD) of oxide thin-films stands out as one of the most promis-
ing techniques for barrier manufacturing. Given the chemical nature of this process,
the individual precursor gases and their adsorption behavior on the substrate play a
dominant role during layer formation. As already discussed in Chapter 2.4.2, this can
be used to suppress pinhole continuation in so-called nanolaminates. A nanolaminate
forms, when one or more precursors are interchanged repeatedly between deposition
cycles. The resulting material changes can also help to mitigate layer stress developing
in thick oxides. Please note, that no actual lamination process is involved here. The word
nanolaminate is only used to emphasize the beneficial use of several materials.
In this section, different ALD nanolaminates of AlOx and TiOx are investigated with
respect to their WVTR and their ability to encapsulate OLEDs. For WVTR measure-
ments, depositions are carried out on PPEN films. Subsequently, Ca-Tests are deposited
onto these barrier films and aged at 38 C and 90%RH. Equivalent barriers are simulta-
neously deposited on OLEDs (Novaled AG) and aged at ambient conditions at a con-
stant voltage of 3V. The complete investigation can be roughly divided into three parts:
First, nanolaminates with differing single and total layer thickness are produced to find
the most favorable parameters for a diffusion barrier. Secondly, molecular layer deposited
(MLD) interlayers are introduced to such nanolaminates for stress mitigation. Here,
Ca-Tests on flexible PPEN films and on glass are deposited to compare stress resistance.
In the third part, the influences of different oxidizing precursors (water or ozone) are
compared in Ca-Tests as well as thin-film encapsulation on OLEDs. It is found that wa-
ter precursors produce better barriers, but also substantially harm the devices during
deposition. However, a thin nanolaminate layer with ozone precursor can be applied
to successfully protect them during further deposition. It should be mentioned that
differences in WVTR can occur between polymer and glass substrates as well as be-
tween single ALD processes. This is related to differing growth and reaction chamber
conditions, respectively. However, very good agreement of WVTR trends with OLED
lifetimes nicely validate the observations.
6.3.1 Nanolaminate optimization
Figure 6.3.1 shows the WVTRs of different ALD AlOx single layer barriers on PPEN
films. Here, the barrier layer thickness is varied from 15–100nm. For very low thick-
ness, the WVTR decreases strongly, as some defects can still easily be closed by fur-
ther deposition. For 15nm thickness, a WVTR of 5:4 · 10 3 g(H2O)
m2d
is observed, which
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decreases to 4:3 · 10 3 g(H2O)
m2d
at a thickness of 50nm. However, over 70% of this decrease
occur already at a total thickness of 20nm. From 50nm to 100nm, a significant WVTR
increase to 4 · 10 2 g(H2O)
m2d
is measured. This suggests an emerging film instability and
the development of new defects as the film becomes thicker and more rigid. It can also
lead to a higher susceptibility to fracture during substrate shrinkage upon cooling after
deposition.2
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Figure 6.3.1:WVTRs of ALD AlOx single barrier layers in dependence of thickness. A
sharp increase can be observed above 50nm as internal film stress causes
barrier deterioration.
In order to mitigate mechanical stress issues and prevent pinhole continuation within
the barrier, nanolaminates of AlOx and TiOx are prepared on PPEN films and subse-
quently measured with Ca-Tests. First, an optimization of the single layer thickness is
performed. Both materials are deposited in equally thick, alternating layers of 0:5, 1, 2,
4, and 8nm thickness. For an efficient nanolaminate, the number of interfaces should be
as high as possible as long as the single layers are closed. The total thickness for all bar-
riers is kept at 32nm. Figure 6.3.2 shows the WVTRs of these samples in dependence of
the single layer thickness. For 0:5nm single layer thickness, a large deviation of the data
points is observed with WVTRs ranging from 2:8 · 10 3 g(H2O)
m2d
to 1:2 · 10 2 g(H2O)
m2d
. This is
likely caused by incomplete single layer formation. If growth conditions are unfavor-
able due to substrate defects or temperature fluctuations, no continuous single layers
of AlOx and TiOx can form. Instead, a hybrid layer with large thickness is deposited
similar to a simultaneous CVD of the two materials. However, good growth conditions
2The results presented in this section are published in the journal Organic Electronics. [11]
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can occur as well leading to better WVTRs and explaining the high deviation. For 1
and 2nm of single layer thickness, lower and more stable WVTRs are observed around
1:5 · 10 3 g(H2O)
m2d
. At 4nm, a larger deviation is observed again. However, a significant
deterioration of the barrier quality cannot be observed in the Ca-Tests towards higher
single layer thickness until 8nm.
It should be mentioned at this point that the effective barrier is solely generated by
the AlOx parts of the nanolaminate. Reference barriers of pure TiOx (25nm) on PPEN
films exhibit a WVTR of 1:2 · 10 1 g(H2O)
m2d
. This reduces the effective barrier thickness
for these laminates to just 16nm. Interestingly, a much stronger dependency on the
single layer thickness is exhibited by the aged OLEDs. The integrated luminescence
after 2500h vs the single layer thickness of the nanolaminate barrier and corresponding
microscope images can be seen in Figure 6.3.3. Just as expected from theWVTRs, 0:5nm
thick single layers yield many defects as can be seen from the dark spots in the OLED.
The corresponding luminescence has decreased to 65% of its initial value. For 1nm,
virtually no degradation is visible after 2500h beyond the inactive areas already present
after deposition. For 4nm, increased dark spot development re-emerges, confirming
the WVTR instability for this value. At 8nm, dark spot growth is no longer observed.
However, substantial side diffusion issues seem to develop resulting in only 70% of
remaining luminescence. A possible explanation for this is lacking stress mitigation at
the pixel edges and resulting defects spawning at the material steps. Since the Ca-Test is
deposited after the barrier and its backside is kept dry to prevent diffusion through the
glue rim of the encapsulation glass, this effect is likely not reflected in the WVTR data.
It is worth mentioning that an equivalent investigation is conducted for nanolaminates
consisting of AlOx and HfOx. However, their barrier performance is approximately
one order of magnitude worse than the AlOx TiOx system. Because of this, no further
experiments are done using HfOx.
Another deposition series is done using a constant single layer thickness of 1nm.
Here, the total thickness of the nanolaminate is varied from 10–100nm. Figure 6.3.4
shows the corresponding WVTRs. For 10nm thick laminates, high WVTRs of around
2 · 10 2 g(H2O)
m2d
are measured, which rapidly decrease for higher barrier thickness. How-
ever, as for thicker AlOx single barriers, WVTRs decrease more slowly with increasing
total thickness. The best WVTR in this seriers is reached for a 100nm thick nanolami-
nate. 2:1 · 10 3 g(H2O)
m2d
are measured, indicating that the deposition quality of the corre-
sponding deposition series is inferior to the previous single layer thickness investiga-
tion. This can be confirmed with OLED aging data visible in Figure 6.3.5. While the
luminescence data after 2500h as well as the respective microscope images nicely cor-
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Figure 6.3.2: Single layer thickness variation of ALD nanolaminates from AlOx and
TiOx: a) schematic depiction of barrier variation, b) barrier WVTRs. Very
low single layer thickness results in high instabilities and high WVTRs.
Closed layers can likely not form leading to high defect densities. An
apparent optimum of barrier performance is reached for 1–2nm single
layer thickness. Reprinted from [11], with permission from Elsevier.
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Figure 6.3.3: Aging data of OLEDs after 2500h encapsulated with ALD nanolaminates
using different single layer thickness from 0:5nm to 8nm. Remaining lu-
minescence is plotted with according OLED photographs. An optimum
single layer thickness of 1nm is found. Reprinted from [11], with permis-
sion from Elsevier.
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respond to the WVTR data, significant aging can be observed for all samples. Even for
50nm thick laminates, a luminescence loss of 35% is recorded after 2500h.
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Figure 6.3.4: Total barrier thickness variation of ALD nanolaminates from AlOx and
TiOx: a) schematic depiction of barrier variation, b) barrier WVTRs. A
decrease in WVTR is observed for higher nanolaminate thickness. This
decrease is steep for thin layers andmore shallow for thicker layers. How-
ever, the process stability for thick layers is greatly enhanced compared to
single AlOx barriers. This likely relates to better internal stress mitigation.
Reprinted from [11], with permission from Elsevier.
In conclusion, ALD nanolaminates of AlOx and TiOx have been investigated as single
barriers and on OLEDs, Aging data andWVTRs correspond very well, highlighting the
good comparability of these methods. Single layer thickness variations yield a maxi-
mum barrier performance at 1–2nm. Additionally, the stress mitigation properties of
nanolaminates could be confirmed as 100nm thick barriers show stable WVTR as op-
posed to equally thick single layer barriers from pure AlOx. Furthermore, the beneficial
effect of nanolaminates on the barrier quality could be confirmed as minimumWVTRs
were lower by approximately a factor of 4 compared to pure AlOx. This becomes even
more striking as the effective barrier in the nanolaminates makes up only half of their
total thickness.
114
6 Barrier investigations 6.3 ALD nanolaminate barriers
total barrier thickness [nm]
lu
m
in
e
s
c
e
n
c
e
 [
%
]
0 10 20 30 40 50 60 70 80 90 100
0
10
20
30
40
50
60
70
80
90
guide to
the eye
luminescence of OLEDs
after 2500 h of aging,
encapsulated with
AlO /TiO nanolaminates
with different thickness
x x
Figure 6.3.5: Aging data of OLEDs after 2500h encapsulated with ALD nanolaminates
using different total barrier thickness. Increasing barrier performance is
observed for higher thickness. Reprinted from [11], with permission from
Elsevier.
6.3.2 MLD interlayers in ALD nanolaminates
In order to further enhance the barrier resistance to mechanical stress, flexible alu-
minum alkoxide (alucone) layers are incorporated into the nanolaminates presented in
the last section.3 These interlayers are processed in the same ALD chamber by MLD of
TMA and ethylene glycol, see Figure 6.3.6a for details. The resultingmaterial— alucone
— shows increased flexibility because of the organic interconnections within its struc-
ture. Ca-Tests on glass are thin-film encapsulated using AlOx-TiOx nanolaminates of
48nm thickness in total and single layer thickness of 3nm. Four different types of bar-
riers are used incorporating 0, 1, 2, or 3 additional MLD interlayers of 12nm thickness
each. The barrier stacks are displayed in Figure 6.3.6b.
Ca-Test aging is subsequently done at 38 C and 32%RH. SEM images of the tests
are taken after complete Ca corrosion. WVTRs for all four barrier systems are shown
in Figure 6.3.7. Here, a distinct dependency of the barrier quality on the number of
MLD interlayers is observed. While WVTRs for 0 or 1 interlayer are in the range of
10 1 g(H2O)
m2d
, values for 2 interlayers are slightly above 10 2 g(H2O)
m2d
. Surprisingly, for 3
interlayers, a large drop down to 1 · 10 5 g(H2O)
m2d
is recorded. The reason for this can be
seen in Figure 6.3.8 showing SEM images of the barrier surfaces after aging. It is im-
3The work presented here is published in the Journal of Vacuum Science & Technology with Hossbach
et al., see [4].
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Figure 6.3.6: a) Schematic depiction of compounds and reactions in MLD process
forming alucone on a substrate. b) Variation of ALD nanolaminate bar-
rier stack incorporating 0–3 MLD interlayers. The effective AlOx-TiOx
nanolaminate barrier thickness is kept constant while additional MLD in-
terlayers are introduced to the stack.
portant to add that the images show parts of the barrier deposited onto Ca. The exact
deposition stack at these positions consists of the glass substrate, 100nm Ca, 100nm
of C60, and the barrier. Without any interlayer, large cracks with a high distribution
density are visible in the barrier. For one MLD interlayer, these cracks are no longer
visible, but large, bump-like defects with diameters up to 10µm and a density of ap-
proximately 1600defects per mm2 appear. These either show cracks or appear to be on
the verge of cracking. At two MLD interlayers, neither bumps nor cracks are visible on
the surface. However, homogeneously distributed, small defects with an even denser
distribution of around 200; 000defects per mm2 become visible. Lastly, for three MLD
interlayers the barrier surface appears to be featureless. No cracks or other defects are
visible. The SEM images can be explained well by internal stress building up due to
Ca expansion. As already shown in Chapter 5.1, Ca expands during corrosion and can
crack rigid barrier films. As water enters through local defects of an initially crack-free
barrier, strong height gradients appear at these sites because of the expansion. Depend-
ing on the number of interlayers, the corroding Ca can expand into the alucone which
is less rigid and more compressible. For no or one interlayer, the expansion cannot
be mitigated sufficiently and the barrier is cracked after some time of stress build-up.
This leads to a self-aggravation: As the barrier starts to crack, the WVTR increases,
which leads to faster cracking and so on. Data of the Ca-Tests confirms this behavior as
the current through the Ca sensor shows several kinks and other non-linearities. The
WVTRs extracted from the measurements should thus more be regarded as apparent
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WVTRs of an increasingly deteriorating barrier. For two MLD interlayers, the alucone
thickness sufficiently prevents the barrier from cracking, but additional defects are still
observed. Only for three interlayers, the barrier film is completely protected from de-
terioration throughout the measurement. The corresponding SEM image shows a com-
pletely smooth micro-structure.
Figure 6.3.7: Apparent WVTRs for ALD nanolaminates with 0–3 MLD interlayers on
thin-film encapsulation Ca-Tests with glass substrates. The WVTR de-
creases for two and more interlayers. Extremely low WVTRs in the 10 5
g(H2O)
m2d
regime are reached. (Reprinted with permission from [4]. Copy-
right 2014, American Vacuum Society.)
It should bementioned that a build-up of hydrogen gas from the calcium corrosion re-
action could aggravate the situation of stress accumulation. However, due to the small
size of hydrogen gas molecules, a considerable contribution to the cracking seems un-
likely. The development of WVTRs for these barriers on glass substrates with varying
number of MLD interlayers should not be mistaken for actual WVTR enhancement of
the barrier. All of the samples shown so far likely have initial WVTRs comparable to
those with three interlayer. However, fast barrier deterioration, cracking, and defect
development create apparent WVTRs in the measurement dependent on the stress re-
sistance due to the flexible interlayers. Evidence for this is clearly visible in Figure
6.3.9. Here, WVTRs for the same barrier systems with 0–3 MLD interlayers from flexi-
ble Ca-Test measurements are displayed. Instead of a rigid glass substrate and flexible
encapsulation of the test, the barriers are now pre-deposited on PPEN film. Ca-Tests are
subsequently deposited on the barrier films and measured at 38 C and 90%RH. Here,
no dependency of the WVTR on the number of interlayers is visible. All barriers show
comparable WVTRs of around 3 · 10 3 g(H2O)
m2d
. That correlates to WVTRs in the 10 4
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g(H2O)
m2d
regime for a comparable 38 C and 32%RH aging climate. Comparable WVTRs
are measured for all samples on polymer films because of significant differences in test
design: Not only are the substrates flexible and can give way upon stress build-up,
more importantly the dry side of the test is covered with an encapsulation glass that in-
corporates a nitrogen-filled cavity. As the calcium corrodes, it can directly expand into
this volume. Thus, a significant stress build-up does not occur for the flexible Ca-Test
samples. The remaining discrepancy in WVTRs for glass Ca-Tests (10 5 g(H2O)
m2d
regime)
and flexible Ca-Tests (10 4 g(H2O)
m2d
regime) can be explained by better growth behavior
of the barrier on the rigid glass substrate. Better thermal contact during deposition can
also contribute to a better effective barrier.
Figure 6.3.8: SEM images of ALD nanolaminates with 0–3MLD interlayers on Ca-Tests
(glass substrates) after degradation. Obvious signs of barrier damage can
be seen for 0–2 interlayers. (Reprinted with permission from [4]. Copy-
right 2014, American Vacuum Society.)
Comparative measurements on equivalent flexible barrier films are also performed
using the commercial SEMPA HiBarSens device. Recorded WVTR values range in the
intermediate 10 4 g(H2O)
m2d
regime for zero and three MLD interlayers, equally. These val-
ues correlate well with Ca-Test data. This confirms the assumption that in case of rigid
tests without gas volume, the calcium sensor damages the barrier upon corrosion. It
simultaneously shows the advantageous effects of flexible interlayers from materials
like alucone and the applicability of MLD. At this point, it should be mentioned that
the MLD process uses very long purge times even for ALD standards — two minutes
after each precursor. Considering the deposition amount per cycle, this amounts to a
total deposition time of over 20h for a single 12nm interlayer. Though employing this
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process directly on an industrial scale is out of the question, it has to be added that MLD
is still in a preliminary stage of research. This work presents a first successful proof of
principle implementation of this technique in a barrier and beneficial effects for stress
mitigation are clearly visible, a valuable effect for any barrier.
In conclusion, different ALD nanolaminates are produced as barriers with varying
number of flexible alucone interlayers made using a MLD process. These barriers were
continuously produced in a single ALD reactor without breaking vacuum or sample
transportation in between. While these barriers show no difference in barrier quality if
nomechanical stress is built up, strong differences occur once local stress is applied. Ac-
cordingly, the barriers with high amounts of incorporated alucone, show higher stress
resistance and will likely have better macroscopic flexibility. Within the investigation,
WVTRs as low as 1 · 10 5 g(H2O)
m2d
at 38 C and 32%RH were reached for a maximum of
36nm total MLD interlayer on rigid substrates. This highlights the ability of MLD in-
terlayers to successfully mitigate mechanical stress on the barrier and promotes the
material alucone for further investigation.
Figure 6.3.9:WVTRs for ALD nanolaminates with 0–3MLD interlayers on flexible Ca-
Tests with polymer substrates. The WVTR appears constant over the
complete series. Good agreement is reached with commercial Sempa
HiBarSens test. (Reprinted with permission from [4]. Copyright 2014,
American Vacuum Society.)
6.3.3 ALD nanolaminates: Ozone vs. water
In this section, nanolaminate barriers from AlOx and TiOx are produced, applied to
PPEN films, and measured with the Ca-Test. OLEDs are thin-film encapsulated with
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equivalent barriers and aged at ambient conditions. The nanolaminates are varied in
terms of the oxidizing precursor for the AlOx layer. While a water precursor yields
low WVTRs, it damages the OLEDs during deposition. An ozone precursor does not
harm the OLED, but yields one order of magnitude higher WVTRs. Both approaches
are combined in a nanolaminate superstructure: A thin ozone precursor layer is used
to shield the OLED to enable the usage of a water precursor for the remainder of the
deposition. This way, benefits from both materials can be successfully incorporated.4
Figure 6.3.10: Ca-Test data and OLED photographs using ALD nanolaminates from
AlOx and TiOx. One barrier stack only uses ozone as oxidizing pre-
cursor for the AlOx single layers, the other uses water. While water
yields lower WVTRs, the OLED is severely harm during the deposi-
tion process. Ozone does not harm the OLED during deposition, but
WVTRs of these layers are generally about one order of magnitude
higher. Reprinted from [3], with permission from Elsevier.
Figure 6.3.10 shows Ca-Test data for ALD nanolaminate barriers on PPEN films. Two
barriers — made from AlOx and TiOx — are measured. One uses ozone as oxidizing
precursor for the AlOx layers, the other uses water. TiOx layers are all made using water
as oxidizing precursor. A clear difference in their slope and thus the samples’ WVTRs is
visible. While the ozone precursor barrier yields a WVTR in the 10 3 g(H2O)
m2d
regime, the
water precursor barrier exhibits a one order of magnitude lowerWVTR. Both values are
recorded in a 38 C and 90%RH aging climate. This difference is striking as the barriers
are made from the same materials. Logically, the water precursor barrier is the better
choice for the encapsulation of an organic device. However, a pure water precursor
barrier proves harmful to an OLED upon thin-film encapsulation. This is also shown
4The work presented here is published in the journal Organic Electronics with Singh et al., see [3].
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in Figure 6.3.10 where images of the two OLEDs’ electroluminescence are compared
directly after barrier deposition. The OLEDs which are not subjected to water during
deposition exhibit few dark spots after 2000h of aging at ambient conditions. However,
using water as precursor results in an active area loss of over 40% after just 900h.
H2O-AlOx
H2O-TiOx
H2O-AlOx
H2O-TiOx
O3-AlOx
H2O-TiOx
O3-AlOx
H2O-TiOx
water
based
ozone
based
water
only
1 + 99
nm split
4 + 96
nm split
10 + 90
nm split
ozone
only
Figure 6.3.11: Overview on the barrier stack variations used in this investigation:
Nanolaminate superstructures are built using a thin ozone-based bot-
tom layer and a thicker water-based top layer. The bottom barrier will
protect the OLEDs from water during deposition while the top part will
provide better barrier qualities during the OLED lifetime.
In order to profit from the advantages of both approaches, a nanolaminate super-
structure is deposited and optimized using Ca-Tests and OLEDs. As for preliminary
WVTR measurements, all Ca-Tests are deposited on pre-manufactured barrier films on
PPEN. The Ca-Test aging is done in a 38 C and 90%RH climate. Corresponding OLEDs
are thin-film encapsulated during the same deposition run, respectively. OLED aging is
performed in ambient conditions. Schematics of the used barrier stacks are depicted in
Figure 6.3.11. In addition to water-only and ozone-only stacks, the AlOx barrier parts
are divided into different precursor areas. Here, emphasis is put on the water part, be-
cause it yields lower WVTRs. Ozone parts are integrated for a pre-encapsulation of the
devices during deposition — to keep the water precursor from reaching the OLED di-
rectly. For a good comparison, the total barrier stack is always kept constant at 100nm.
In particular, additional stacks are deposited starting with 1, 4, and 10nm of ozone-
based AlOx nanalaminate. The rest (99, 96, and 90nm) is always processed using water-
based AlOx.
WVTRs from this investigation are displayed in Figure 6.3.12. All barriers with signif-
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Figure 6.3.12: a) WVTRs of ALD nanolaminate superstructures. All superstructure
nanolaminates show consistently lower WVTRs than purely ozone-
based barriers. b-d) Photographs of aged OLEDs after 2100h encapsu-
lated with different ALD nanolaminate superstructures: 1nm + 99nm
(b), 4nm + 96nm (c), and 10nm + 90nm (d) (ozone-based thin-film +
water-based thin-film). Fewer darks spots and a lower fraction of inac-
tive area can be seen for thicker ozone-based bottom layers until 10nm.
Reprinted from [3], with permission from Elsevier.
icant water-based AlOx parts (90–100nm) share very similar WVTRs in the intermedi-
ate 10 4 g(H2O)
m2d
regime. Just the barrier with ozone-only AlOx yields a WVTR of 4 · 10 3
g(H2O)
m2d
, as we have seen before. This clearly highlights the dominance of water-based
barrier parts in the investigated nanolaminates. Images of corresponding OLED lumi-
nescence are also presented in Figure 6.3.12 for 2100h of aging. A clear trend can be
observed: A certain minimum thickness of ozone-only AlOx barrier must be deposited
so that the remaining ALD process does not harm the device. Aged devices show close
to 40% active area loss due to strong pinhole degradation for 1nm ozone-only barrier,
an immense improvement upon a barrier using only water. However, a much lower
pinhole density can be observed for 4nm ozone-only barrier. Here, merely 5% are lost
due to large pinholes. Lastly, 10nm ozone-only barrier yield an almost degradation-
free OLED. Some dark areas are visible in the microscope, but not to the naked eye.
Furthermore, their growth progresses at very low speeds. At this point, it should also
bementioned that similar small dark spots are present in all devices from the beginning.
This is likely due to problems during transport from deposition systems at Novaled to
the ALD reactor at IHM (TU Dresden), as no steel tubes could be used, unfortunately.
The significance of this investigation can be seen in Figure 6.3.13 showing lumines-
cence data over time for three types of OLEDs: Only water precursor, only ozone pre-
cursor for AlOx barrier parts, and the 10/90nm split. While water-only barriers result
in a rapid and linear decrease of the OLED luminescence, both solutions incorporating
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ozone precursors show a much slower decrease that seems to decelerate over time. Of
these two approaches, using 90nm of water-based barrier results in a strongly enhanced
barrier, showing roughly 15% more remaining luminescence after the 2000h aging pe-
riod. In fact, barriers using ozone are even better than one could assume from Figure
6.3.13. It shows normalized luminescence over time. Since the water-only encapsulated
OLED exhibits large inactive areas directly after deposition, the degradation speed is
underestimated. In order to correlate the luminescence decrease of the samples with
ozone precursors to the respective WVTRs, a calculation can be done: If 40 mg
m2
of wa-
ter ingress are assumed for a 50% OLED degradation, this yields a WVTR in the lower
10 5 g(H2O)
m2d
regime. This can easily be explained by a lower temperature and humidity
content of the aging conditions compared to the Ca-Tests.
Figure 6.3.13: Luminescence data over time for aging OLEDs encapsulated with only
water-based, only ozone-based, and a 10nm ozone-based plus 90nm
water-based superstructure nanolaminates. The slowest degradation is
observed for the superstructure nanolaminate encapsulation. Reprinted
from [3], with permission from Elsevier.
Though the TiOx layers also utilize water as oxidizing precursor in all stacks, their
deposition does not appear to harmOLEDs during encapsulation. In a stack with 10nm
of ozone precursor AlOx, the first use of water coincides with that of a stack with only
1nm ozone precursor because the second nanometer (TiOx) is deposited using water.
Yet, the latter yields much worse results when deposited on OLEDs. The reason for
this can be found in the process pulse times: While a water pulse for a cycle of TiOx
deposition takes only 20ms, 250ms are utilized in an AlOx cycle. Naturally, this means
that different amounts of water enter the reactor chamber and are able to react with the
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OLED during that time. Such low pulse times for the TiOx water precursor are possible
as this material does not present the predominant barrier. For AlOx deposition, the best
possible material coverage is pursued to achieve lowest possible defect densities. This
necessitates long pulse times to await full precursor reaction. However, as TiOx presents
a highly inferior barrier material, a perfect conformity is of less importance. Potentially,
initial degradation during deposition could be lowered further using a process without
any water pulses, but whether this will yield a measurable benefit is difficult to predict.
In summary, different ALD nanolaminate barrier systems from AlOx and TiOx are in-
vestigated regarding their WVTRs and ability to protect OLEDs. Within these systems,
significant differences in performance are found depending on the oxidizing precur-
sor of the AlOx single layers. While water-systems show good WVTRs, ozone-systems
yield good OLED encapsulation. In order to combine all advantages, nanolaminate
superstructures are investigated consisting of a preliminary ozone-system followed by
a thicker water-system barrier. While keeping the total nanolaminate thickness con-
stant, a strong dependency on the initial ozone-barrier thickness is observed. This is
attributed to a successful protection from water during the ALD process. An optimal
result is found for a 100nm thick barrier with an initial preliminary barrier thickness
of 10nm. Using this system, no significant degradation is observed for a thin-film en-
capsulated OLED after 2100h of ambient aging. This again highlights the potential for
ALD moisture barriers for organic devices and puts emphasis on the process details
when screening potential barriers.
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6.4 Metal barriers
The previous sections explore different kinds of transparent barriers. As one side of
every OLED or OPV must be transparent, low absorption and reflection of these layers
are essential. However, most devices also incorporate an opaque metal cathode on the
other side. Not only does this layer reflect light to generate a standing wave inside the
thin-film stack, it also constitutes a significant permeation barrier. In a lab environment,
water ingress can mostly be limited to one side if a glass substrate is chosen for depo-
sition. It is important to understand that this is not an option for a flexible device. An
encapsulation must include barriers on both device faces. As transparent moisture bar-
riers can be expensive in their production, metal barriers from thin aluminum or silver
films are investigated in this section. As a low-cost, high-throughput material, evapo-
rated aluminum stands out as a possible solution, especially since most devices already
incorporate such a layer as cathode. In a first part, seeding experiments are performed
for both silver and aluminum of varying thickness. The moisture barrier properties
are investigated in dependence of ultra-thin sublayers of different materials to find an
ideal single layer. In a second part, metal layers are incorporated in multilayer stacks.
Here, experiments are divided into two basic techniques: Serial and parallel processing
— processing two barriers on the same substrate divided by an interlayer or processing
on individual substrates and doing a subsequent lamination. Within this investigation,
large potential of parallel processing is discovered.5
6.4.1 Seeding of Ag and Al barriers
As discussed in Chapter 2.4.1, ultra-thin metal or oxide layers can be used as seed lay-
ers to influence the growth behavior of a metal layer on top. This can yield a thin-film
growth smoothing that is strongly dependent on the seed material. In a preliminary
investigation, WVTRs of transparent silver films are measured using different seed ma-
terials. Subsequently, similar experiments are conducted with silver barrier thickness of
up to 100nm. We gain significant insight into metal barrier seeding, but WVTRs lower
than 5 · 10 3 g(H2O)
m2d
are not observed, even at amild aging condition of 20 C and 50%RH.
This leads to the conclusion that within reasonable thickness limits, silver films cannot
yield necessary barrier properties. The investigation is continued with aluminum.
5The results presented here originate from the bachelor thesis of Lorenz Friedebach (Ag barriers) and
the diploma thesis of Felix Dollinger (Al barriers). Both were supervised in the scope of this work. A
publication on Al barriers was submitted to Organic Electronics by Felix Dollinger. [16] Furthermore,
a preliminary patent was registered in Germany for the parallel deposition and subsequent lamination
of barriers with Felix Dollinger. [19]
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Figure 6.4.1:WVTRs of 13nm Ag barriers with different seed layers. While no influ-
ence on the WVTR can be seen for Ca and Cu seeds (see horizontal line
as guide to the eye), the WVTR strongly decreases for Al and Au seed
layers. Dashed box encloses sample data without additional MoO3 seed.
Aged at 20 C and 50%RH.
Motivated by success in transparent metal electrode research [1, 111], 13nm thick sil-
ver films are evaported onto Ca-Tests to test their moisture barrier qualities in a thin-
film encapsulation approach. For this, the Ca-Tests are first covered with a 20nm or-
ganic layer of BF-DPB doped with 10 wt.% of F6-TCNNQ. This presents a so-called
mimic layer [111]. It represents the top-most layer of an actual OPV stack. Since such
transparent metal electrodes are developed as top electrodes, the layer thus mimics
the complete solar cell. This way, growth conditions are equalized as if the metal film
was deposited on a device instead of a Ca-Test. Noble metal atoms and clusters do
not easily bind to such organic layers, but tend to diffuse into their bulk. [217] As a
three-dimensional network, they yield worse coverage than for a flat two-dimensional
network. This results in unfavorable properties for thin metal electrodes and likely also
for metal moisture barriers. To prevent such a behavior, another 3nm layer of molybde-
num oxide (MoOx) is evaporated onto the organic layer. This acts as a diffusion barrier
for noble metal atoms. [218] First experiments are done with 1nm of Ca, Al, Au, and
Cu as seeds for 13nm Ag. As reference, 13nm of Ag are also deposited without seed
layer. In Ca-Tests, their WVTRs are measured in a climate of 20 C and 50%RH. Figure
6.4.1 shows the mean WVTRs of all sample types. Within the sensitivity limits of the
Ca-Test, Ca and Cu seeds yield the same WVTR as without seed layer. However, sig-
nificant differences are observed for Al and Au seed layers. Here, a drop of the WVTR
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by a factor of 3 or 10 is measured, respectively. This is nicely confirmed by microscope
images of the Ca-Tests taken before aging, see Figure 6.4.2. Here, Ca-Tests are illumi-
nated from below. The thin metal barriers are sufficiently transparent, light is mainly
blocked by the thick Ca sensor. Light areas therefore appear in case of early degrada-
tion of the opaque sensor — directly at the pinholes. While samples with Cu, Ca, or no
seed show a high density of large pinholes, Al or Au seed layers yield not only lower
density, but also generally smaller pinholes. This can be well explained considering
the metal growth behavior shown in other works. Thin metal films tend to grow as is-
lands. Even though the nominal thickness suggests a full coverage, actual film growth
leaves a large fraction of the area free of material. This usually manifest in holes in the
metal films with a maximum width of several dozen nanometers. [111] Though these
holes are not visible in the microscope images shown here, a better defect coverage can
be assumed nonetheless. Reliable diameters for visible defects in Figure 6.4.2 are hard
to ascertain, as the progress of Ca corrosion is unknown, but values of several µm are
realistic considering the absolute WVTRs. If nanoscopic holes in the film are more eas-
ily closed using a seed layer like Au, better macroscopic defect coverage also appears
realistic, as visible in Figure 6.4.2.
As promising as this experiment seems for the success of seed layers in barrier tech-
nology, the minimum WVTR reached in the process still does not fall below 2 · 10 2
g(H2O)
m2d
. Though this result seems unacceptable as a barrier for organic electronic de-
vices, it should be kept in mind that this barrier consists of only 13nm of barrier ma-
terial. While transparent metal barriers are not feasible, the investigation is therefore
continued with thicker layers.
Figure 6.4.3 shows WVTRs for Ca-Tests with Au, Al, or no seed following a thickness
variation from 13–100nm. A trend towards lowerWVTRs for higher thickness is clearly
visible. However, the benefit of additional material strongly decreases with increasing
thickness. This suggests that existing defects are not being closed any more and instead
continue throughout the complete barrier layer. For thin films, the effect of seeding
has an overall larger influence on the barrier performance than the deposition of much
thicker layers. Though an effect is still visible for thicker barrier films, the seeding effect
is arguablymuted towards thick films. Conclusively, a definite benefit for metal barriers
is identified in the process of seeding. However, minimum WVTRs of around 5 · 10 3
g(H2O)
m2d
at 20 C and 50%RH for 100nm of Ag on a Au seed eliminate Ag as a reasonable
barrier material.
Further investigation of metal barriers and seeding in particular is continued with Al
as barrier material. Many OPV cell types already use Al cathodes in the range of 100nm
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(a) No seed. (b) Ca seed. (c) Cu seed.
(d) Al seed. (e) Au seed. (f) Au without MoO3 seed.
Figure 6.4.2:Microscope images of 13nmAg barriers with different seed layers on Ca-
Tests. Illumination from below shows already corroded Ca areas. Just as
observed for the WVTRs, a positive influence is only visible for Al and
Au seeds.
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Figure 6.4.3:WVTRs of Ag barriers with different seeds for increasing barrier thick-
ness. 100nm thickness are also investigated with a 50nm thick Ca getter
layer in the barrier. For this, two 50nm layers of Ag are deposited. In this
case, the seed layer is not repeated. Aged at 20 C and 50%RH.
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Figure 6.4.4:WVTRs of 50nm Al barriers with different seed layers. All samples share
3nm of MoO3 below the seed. Evaporation of Ti encounters experimen-
tal limits as high deposition temperatures lead to partial co-evaporation
of the tungsten evaporation boat. Comparability of Au seed samples is
limited as they are produced in a different deposition tool, because of
experimental reasons.
thickness, which have already been identified as an effective barrier. An optimization
of this layer can thus yield an easy way of creating a natural barrier. Figure 6.4.4 shows
the WVTRs of Ca-Tests with 50nm Al barriers using different seed configurations. Sev-
eral seed materials are reused from investigations on Ag to enhance comparability. All
samples share 3nm of MoO3 below the seed layer which acts as an additional seed as
well as a diffusion barrier for metal atoms. All seed materials are investigated in 1nm
thickness for good comparability of their effectiveness. Additionally, many seed layers
are also deposited in thicker layers to investigate seed thickness influences. As for the
Ag barriers, Al shows a distinct influence of the seed layers which strongly varies with
the seed material. Ca seeds show no apparent advantage compared to the reference
samples without seed layer. Al films on Cr seeds exhibit strong WVTR instabilities and
an increase on average. Ca and Cr are thus ruled out as reasonable seed materials for
Al barriers. For Cu, Ti, and Au, stable WVTR values are recorded, which are on average
lower than the reference. Additionally, both Cu and Ti show increased effectiveness
of the seed for higher seed thickness — measured as lower WVTRs compared to the
respective 1nm counterpart. This is not a trivial result, because literature studies often
come to different conclusions and show high effectiveness for ultra-thin seed layers. [76]
This strongly hints towards the working mechanism behind these layers. MoO3 shows
positive seeding capabilities despite its low surface free energy (0:06 J
m2
). Here, the effect
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likely originates from a high nucleation site density after MoO3 deposition. However,
this cannot be the case for Cu and Ti as their influence remains — and even magnifies
— for a thicker layer with much lower nucleation site densities. Here, an actual influ-
ence of the surface free energy seems likely. With 1:79 J
m2
and 1:99 J
m2
, both Cu and Ti
have higher surface free energies than Al (1:14 J
m2
). [112] The best WVTRs are reached
for 20nm of Ti seed (approximately 1 · 10 3 g(H2O)
m2d
at 38 C and 90%RH). Unfortunately,
this procedure is not feasible for further investigations because of experimental limits.
Due to the high evaporation temperature of Ti, a partial decomposition of the evapo-
ration boat (metallic tungsten) is noticed after deposition. A co-evaporation of Ti and
W can thus not be excluded. 1nm of Au seed also yields promising results. However,
these barrier layers are obtained from another deposition tool due to experimental lim-
itations and thus lack comparability. Since equivalent WVTRs are also seen for 8nm Cu
seed, further investigations are continued using this single barrier system.
In summary, a distinct effect of seed layers on theWVTR of a thin-film is observed for
metallic Ag andAl. For both systems, Ca seeds show no influence on the barrier proper-
ties. Au seeds yield WVTR decreases in both cases. In contrast, Cu shows no influence
on Ag barriers, but a strong positive effect on Al barriers. This could be explained by
the higher difference in surface free energy for the Al system. Further investigations
will be continued with Al barriers and partially also with 3nm of MoO3 and 8nm of
Cu as bilayer seed. In the next sections, single barriers from this section will be used
to create multilayers, decouple pinholes, and thus generate a tortuous path within the
barrier stack.
6.4.2 Al multilayer barriers: Serial processing
The previous section has determined Al as the metallic barrier material of choice. Al-
though evaporated Al films show positive seeding effects with several of the investi-
gated seed materials, the lowest WVTRs reached with this technique are 1 · 10 3 g(H2O)
m2d
in a 38 C and 90%RH climate. For a serious application as OPV or OLED encapsula-
tion, this is still too high. Therefore, multilayer stacks of several Al single barriers will
be the subject of this and the following section. In order to successfully decouple two
100nmAl layers (no seed layers), a serial decoupling approach is first taken. This means
that both Al layers are subsequently evaporated onto the same substrate. In between, a
decoupling layer is deposited. This is a standard approach for creating multilayer bar-
riers. For this investigation, decoupling materials are chosen from salts, small organic
molecules, as well as a polymer. Figure 6.4.5 shows theWVTRs of these samples, which
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are displayed in dependence of interlayer thickness. At first, it should be remarked that
only two of the 14 different sample types actually yield significantly lower WVTRs than
the reference (2 · 100nm Al without interlayer). Some even exhibit higher WVTRs. This
is strongly dependent on the thickness as only the thickest vacuum-processed inter-
layer (500nm NPB) and the spin-coated polymer (3µm OsCOR 4000) show a decrease
in WVTR around a factor of two compared to the reference. The effectiveness of the
polymer samples is confirmed optically: If illuminated from below, no light can be de-
tected in an optical microscope. For all vacuum-evaporated interlayers, the samples
show typical pinhole structures as seen in the last section. This means that pinholes
must be sustained through both Al layers. The spin-coated polymer likely contains
residual water and the second Al barrier on the polymer shows a hazy surface, suggest-
ing poor Al growth. This explains why a stronger WVTR decrease is not observed. The
overall good decoupling capabilities of the polymer samples can easily be explained
by two factors: High thickness and solution processing. All small organic molecules
are vacuum-processed with deposition rates in the range of few A
s
. This leaves time
for molecule rearrangement in areas of unfavorable growth. Furthermore, at low in-
terlayer thickness, particles can exhibit shadowing effects, leaving areas of poor metal
coverage. Additionally, particles can detach after barrier deposition and leave defects,
which can be mitigated by embedding them in the polymer. For a spin-coating process,
the polymer quickly covers the complete sample with a thicker layer than necessary
and is subsequently thinned down. This effectively covers all areas. Very high WVTRs
can be observed especially for LiF interlayers. However, this can be explained by poor
adhesion of the salt layer and resulting exfoliation of the upper barrier during aging.
Slightly higher WVTRs than the reference are recorded for relatively thin interlayers of
C60 and Alq3. It is possible that this results from unfavorable growth on the organics. A
poor coverage of the second Al barrier layer could then result in overall worse barrier
properties. This would also explain the large difference in WVTR for 500nm of Alq3 in
comparison to NPB.
In conclusion, a positive effect on Al barriers could be seen for serial processing of
two barrier layers with a decoupling interlayer in between. However, the effect is still
too minute to allow for a reasonable encapsulation. It is possible that much better re-
sults can be achieved using the same technique, however, only for thicker layers and
higher deposition rates. This is especially important for industrial applicability, where
deposition duration strongly controls product cost. The next section will focus on a new
concept of Al multilayer barriers: parallel processing and lamination.
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Figure 6.4.5:WVTRs of two 100nm Al barriers with different layers in between. Three
types of small organic molecules, two salts, and a spin-coated polymer
are used with different interlayer thickness. For low interlayer thickness
no positive effects on theWVTR are observed. Aged at 38 C and 90%RH.
6.4.3 Al multilayer barriers: Parallel processing
In the last two sections, vacuum-evaporated Al has emerged as a promising barrier
material with additional potential in multilayer structures. However, it is challeng-
ing to successfully decouple pinholes using serial processing of Al layers. Lateral dis-
placement of pinholes proves hardly possible for decoupling layers below the micron
regime. If a pinhole is sustained through all consecutive Al layers, a tortuous path
is not achieved and the WVTR of the barrier effectively does not change. Therefore,
a completely different approach is chosen in this section: The parallel processing on
different substrates and subsequent lamination of several Al barriers. When two bar-
riers are deposited onto different substrates, their growth is completely decoupled and
matching pinhole locations become highly unlikely. If a lamination can be performed
without pressing potential particles through all barrier layers — which could force a
sustained pinhole — complete decoupling of defects is automatically achieved. Using
this technique, a strong decrease in WVTR is observed. High quality barrier systems
with minimum WVTRs of down to 1 · 10 4 g(H2O)
m2d
are seen in a 38 C and 90%RH cli-
mate.
A comparison of methods is shown in Figure 6.4.6. Here, several decoupling tech-
niques are used — serial as well as parallel. For good comparability, seed layers are
not applied. Three data points are taken over from Figure 6.4.5: 2 · 100nm Al refer-
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Figure 6.4.6: Comparison of WVTRs of decoupled Al barriers. Within the scope of this
investigation, parallel processing (circles and stars) evidently yieldsmuch
lower WVTRs than serial processing (triangles). Two 100nm non-seeded
Al barriers are used except for two cases with two and three 50nm Al
layers on polyimide (Kapton®tape), highlighted gray.
ence, 500nm NPB interlayer, and 3µm polymer interlayer. This is complemented with
four new systems using two different techniques: First, stripes of Kapton®tape 5413 (vac-
uum adhesive tape: 25µm polyimide + 44µm silicone-based adhesive; 3MCorporation,
USA) are used as substrate for Al layers. These are coated in parallel and subsequently
glued onto a Ca-Test using the glue already present on the tape. For this purpose, a
single barrier is pre-deposited directly on the Ca-Tests. In a second approach, superior
PPEN substrates are used for Al deposition. These are glued onto the Ca-Test in a lami-
nation step using a special UV-curing barrier glue (tesa SE, Germany) with incorporated
getter material.
First of all, it is evident that much lower WVTR can be reached using parallel decou-
pling compared to all attempts of serial decoupling shown so far. For the samples using
PPEN and the tesa glue, WVTRs range down to 1 · 10 4 g(H2O)
m2d
at 38 C and 90%RH. For
all attempts using Kapton®tape, WVTR decreases are less pronounced. This is likely
due to the fact that PPEN provides a much smoother and more homogeneous surface
for thin-film growth as it is designed as a substrate. Furthermore, a positive effect of
multiple glued parallel barrier can be seen, as three consecutive Al barriers show a
much lowerWVTR than two (using Kapton®tape). Another reason for the strongWVTR
decrease using the tesa glue is obviously the getter within the material. If a significant
amount of water is gettered during testing, the actual WVTR of such a system might be
much higher than anticipated. Therefore, an in-depth analysis on lamination barriers is
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performed using a two-component epoxy glue (Araldite 2011, without getter) aside the
tesa glue.
(a) Lamination process.
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Figure 6.4.7: a) Process schematics of a barrier lamination. By parallel processing, pin-
holes do not match lateral position. The lamination thereby forces a tor-
tuous diffusion path between the barrier layers. b) WVTRs of lamination
investigation. 150nm Al barriers with 3nmMoO3 and 8nm Cu seeds are
used with different glues in one, two or three lamination steps. Addition-
ally, Ca getter layers are included in the stack with no apparent influence
on the WVTRs. Aged at 38 C and 90%RH.
Results of this investigation are shown in Figure 6.4.7. To ensure best barrier qual-
ity, all samples are deposited onto PPEN and incorporate MoO3 and Cu seed layers as
described in Section 6.4.1. 150nm thick Al layers are deposited onto the seed layers as
barrier. First of all, a very good performance for all laminated barriers is striking. This
already confirms the good applicability and reproducibility of this method. A WVTR
in the lower 10 4 g(H2O)
m2d
regime is not dependent on any kind of getter material in the
glue layer. A trend towards better barrier quality with a multiple layer stacking ap-
proach can be confirmed from the investigation on Kapton®tape. The effect is reduced
as more layers are laminated, which is probably due to side diffusion into the barrier,
but excellent WVTRs in the lower 10 4 g(H2O)
m2d
and upper 10 5 g(H2O)
m2d
regime are achieved
nonetheless for a maximum of three lamination steps (four stacked Al barriers). Fur-
thermore, a Ca single layer and Ca:Organic mixed layers are incorporated in barrier
stacks between two Al layers. With this, a possible quantification of a getter influence
is attempted. However, no significant influence of any getter layer can be seen in the
Ca-Test data.
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Figure 6.4.8: Normalized power conversion efficiency of F4-ZnPc:C60 solar cells encap-
sulated with different Al lamination techniques. The barrier of the one Al
layer sample (circles) only comprises of the device cathode. Here, no lam-
ination is performed. However, a PET film is glued on after deposition for
mechanical and chemical stability. Aged at 38 C and 50%RH.
In order to apply the discussed barriers on organic devices and quantify their actual
impact on degradation, organic solar cells are produced. The OPVs chosen for this in-
vestigation contain an F4-ZnPc:C60 BHJ as active layer, reach maximum efficiencies of
over 4%, and present a well-known system. [219] The cells are produced on ITO-coated
glass substrates, which present the water vapor barrier in one direction. The follow-
ing layers are subsequently evaporated on top: 5nm C60:W2(hpp)4 (3wt%), 15nm C60,
65nm F4-ZnPc:C60 (1:1 BHJ, heated to 95 C during deposition), 5nm BF-DPB, 40nm
BF-DPB:F6-TCNNQ (10wt%), 1nm F6-TCNNQ, 3nm MoO3, 8nm Cu, 150nm Al. The
following encapsulation techniques are then applied: 1. glass-glass encapsulation ref-
erence (with getter), 2. no further encapsulation (PET film is glued on the Al cathode
against corrosion), 3. lamination of a second Al barrier using tesa barrier glue, 4. lam-
ination of a second Al barrier using Araldite 2011 epoxy. The additional Al barriers
for lamination are deposited on the same seed layers as the OPV cathode. For this,
3nm MoO3, 8nm Cu, and 150nm Al are deposited on PPEN substrates. The efficiency
decrease over time for these cells — degrading in a 38 C and 50%RH climate — is de-
picted in Figure 6.4.8. Here, the positive effects of barrier lamination can clearly be seen.
While the unencapsulated sample (just Al cathode) almost completely degrades within
one day (T50 = 14h), samples with additional, laminated Al barriers showmuch longer
lifetimes. Using two-component epoxy Araldite 2011, 260h pass until 50% of the ini-
135
6 Barrier investigations 6.4 Metal barriers
tial efficiency are lost. For a lamination with tesa barrier glue, this value almost triples
once again. With a T50 of 730h, the good barrier qualities become evident, especially
because the sample almost assumes the degradation speed of the glass-glass reference.
After a stronger initial efficiency burn-in of the laminated cell, degradation of the two
systems follow the same slope. Assuming that effectively no water is ingressing into
the glass-glass reference sample, this means that degradation in the laminated sample
is completely dominated by intrinsic effects at a later stage. This highlights the good
applicability to organic devices of this novel encapsulation approach. Qualitatively, the
degradation of these OPVs follows the same paths as for cells investigated in Section
6.6. As we will perform an in-depth analysis of their degradation in that part of the
thesis, further discussion on cell aging is omitted at this point.
In conclusion, opaque metal films are used as barriers to prevent water ingress into
organic solar cells. First, Ag and Al are compared in terms of barrier properties and
successfully tested for the potential application of seed sublayers. Afterwards, differ-
ent strategies are applied to decouple several Al single layers and reach lateral pin-
hole displacement as well as tortuous water paths within the barrier. While this proves
hardly possible for serial processing within the experimental limits of this work, aston-
ishing results are achieved for layers processed in parallel. If two layers are processed
separately and subsequently laminated or glued onto each other, this yields very low
WVTRs down to 1 · 10 4 g(H2O)
m2d
at 38 C and 90%RH. This result is validated by degra-
dation experiments on organic solar cells. Here, simply laminating a second Al film
suffices to almost completely suppress extrinsic degradation effects.
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6.5 Moisture barriers in climate matrices
In Chapter 2.3 we have discussed the theoretical background for water permeation
through homogeneous solid films in different climates. However, whether this can also
describe macroscopic diffusion through high quality moisture barriers — as they are
used in organic devices — is unclear. Extensive scientific investigations of their perme-
ation behavior are so far lacking, most likely because of insufficient measurement ca-
pacity. As a Ca-Test with a high level of possible parallel measurements is used in this
work, this presents a unique opportunity: In the following sections, WVTRs of ZTO and
AlOx barriers are measured with Ca-Tests in extensive climate matrices to investigate
the underlying sorption and diffusion mechanisms of water permeation through high
quality moisture barriers. Both these systems are chosen for their high stability and
reliability, because WVTR fluctuations can be detrimental to data quality. We find that
Henry’s law of sorption applies in both cases and that diffusion at the barrier-device
interface presents a crucial part of permeation. Diffusion is likely governed by inter-
face structure which greatly influences degradation speed and the activation energy
of the system. This is visible in the test curves, which show a WVTR regime change
after some time. To ascertain activation energies, a temperature variation at constant
absolute humidity is used for ALD barriers. Here, a significant deviation is found at
different stages of the tests, which highlight the strong influence of different diffusion
regimes over their duration.6
6.5.1 Zinc-Tin-Oxide single barriers
In this section, sputtered ZTO barriers on PET foils are investigated regarding their
WVTRs using flexible Ca-Tests. Equally manufactured samples are subjected to differ-
ent aging conditions with changing temperatures and relative humidities. Samples are
kept at three temperatures — 20, 38, and 60 C — and six relative humidities — 0, 10,
30, 50, 75, and 90%RH. Thus, 18 different conditions result from this climate matrix in
total. Since saturated salt solutions are used for constant relative humidities, the val-
ues given above are only exact for 60 C. An exhaustive overview on the climates with
actual relative and absolute humidities as well as the used salts is given in Table 6.5.1.
WVTRs of the climate matrix are depicted vs the relative humidity in Figure 6.5.1. For
each temperature, a linear fit of the WVTR vs RH is also shown. These match up very
well, meaning that water ingress at constant temperature is linearly proportional to the
6The results presented in this section are published in the journal Applied Materials and Interfaces of
the American Chemical Society. [10]
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Table 6.5.1: Aging climates used in investigation. Relative hu-
midities at constant temperatures taken from [89], ab-
solute humidities calculated using Magnus formula
(Equation 2.3.2).
temperature [C] salt/desiccant RH [%] AH [mbar]
20 silica gel 0 0
LiCl 12 3
MgCl2 34 8
Mg(NO3)2 54 13
NaCl 76 18
Na2SO4 90 21
38 silica gel 0 0
LiCl 11 7
MgCl2 32 21
NaBr 53 35
NaCl 75 50
Na2SO4 90 60
60 silica gel 0 0
LiCl 10 20
MgCl2 30 60
NaBr 50 100
NaCl 75 150
Na2SO4 90 180
68 LiCl 10 29
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Figure 6.5.1:WVTR vs relative humidity of the aging climate for flexible ZTO barrier
films at different temperatures. Linear fits of data points at each temper-
ature are inserted as dashed lines. A good coincidence of data and fit
validates Henry’s law for water adsorption on the barrier film.
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humidity in the air. This already confirms the applicability of Henry’s law for these
types of barriers. We can also see a temperature-dependent offset in the 0%RH data
points. If truly no humidity was provided, this should not be the case. However, the
barrier foils are put into the measurement system in ambient conditions. During this
time, the polymer film likely soaks up water, which is later released in a temperature-
activated diffusion process. Additionally, background humidity of the testing setup
and related background diffusion is likely to be activated by temperature. Lastly, the
graph reveals higher absolute slopes with rising temperature. This means that mois-
ture ingress per additional percent of humidity increases with increasing temperature,
suggesting a thermally activated permeation process. However, the absolute humidity
available in a volume of air also strongly increases for higher temperatures and constant
relative humidity. Figure 6.5.2 shows the same dataset from before, but now corrected
for absolute humidity. Interestingly, WVTRs for higher temperatures still show steeper
slopes, meaning that indeed a temperature activation must exist within the complete
permeation process.
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Figure 6.5.2:WVTR vs absolute humidity of the aging climate for flexible ZTO barrier
films at different temperatures. A thermal activation of the permeation
is observed as slopes increase for increasing temperature. (Reprinted
(adapted) with permission from [10]. Copyright 2016 American Chem-
ical Society.)
Unfortunately, this activation is not easy to pinpoint, as we discussed in Chapter 2.3.
It could arise from sorption processes, bulkmaterial diffusion, as well as diffusion along
interfaces. Additionally, a change in ZTO micro-structure at higher temperatures could
also cause such effects. In the remainder of this section, we will explore the possibilities
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of the temperature activation and finally conclude that diffusion along the interface
between the barrier and the Ca-Test (or device) presents its cause.
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Figure 6.5.3: Ca-Test data curves of flexible ZTO barrier films at three different tem-
peratures. Qualitatively, the curves shapes are identical for all samples
measured at one temperature. Both axes are depicted in arbitrary units,
because only the curve shape is subject to investigation. Two regimes
can be seen in the data curves. (Reprinted (adapted) with permission
from [10]. Copyright 2016 American Chemical Society.)
Individual data curves for exemplary Ca-Tests at all three investigated temperatures
are shown in Figure 6.5.3. Though different humidities will influence the individual
slopes of current vs time, all curves measured at one temperature share roughly the
same shape. These shapes hint towards a fundamental process during permeation: Dif-
fusion in dependence of pinhole vicinity. At 60 C, the test slope is steep in the begin-
ning and later flattens. The corresponding WVTR decreases after a certain amount of
time. For 20 C, the opposite seems to be the case. A flat slope is followed by a steeper
one after some time. The WVTR worsens after some time. 38 C samples seem to be
in between. No significant change can be observed throughout the measurement. It
should be noted here that the data curves are not on the same time scale. Since higher
temperatures cause faster Ca corrosion and vice versa, the curve shapes are best com-
pared in a qualitative way.
There is only a single fundamental change in the measurements happening on this
time scale: Ca corrosion. Aswe have seen and discussed before, the permeation through
high quality moisture barriers for organic electronics is always dominated by defects.
Over time, water ingresses through them locally and corrodes the Ca (or cathode in a
device) it first comes in contact with. Logically, this must mean that the water’s diffu-
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Figure 6.5.4: Schematic cross-section of an electrical Ca-Test: Water ingresses through
localized defects and diffuses below the barrier only at later stages. This
potentially induces changes in the diffusion mechanics over time. Water
ingress at different test times is visualized with differently colored ar-
rows. (Reprinted (adapted) with permission from [10]. Copyright 2016
American Chemical Society.)
sion path elongates over time as the Ca in direct vicinity of the defect is corroded first.
This is schematically shown in Figure 6.5.4. Water ingressing at early times of the test
finds Ca in direct vicinity of the defect — no or little diffusion below the barrier is nec-
essary. Water ingressing at later times during the test finds calcium hydroxide in direct
vicinity of the defect — it diffuses along the interface until finding Ca. This results in
the typical circular corrosion spots around the defects we are already familiar with. A
key point in this observation is that diffusion at the defects and along the interface is
not necessarily governed by the same rules. As discussed in Chapter 2.3.2, structural
limitations can drastically alter diffusion behavior. Diffusion directly at the pinhole
and in its immediate vicinity is likely influenced by the bulk diffusion properties of the
polymer substrate— PET. The interface dimensions are given by the mechanical decou-
pling layer (C60) measuring 20nm. Given the low thickness of the interface, a change
in diffusion coefficient as well as activation energy is likely. With a changing activa-
tion energy for diffusion, the permeation is dominated by different regimes over time.
Naturally, both regimes in the tests can be used for WVTR evaluation. In Figure 6.5.2,
the latter regimes was chosen. If the early regime is used, the diagram does not change
qualitatively, but the difference in activation energy can be seen in relative increase of
slope steepness. This is shown in Figure 6.5.5. Here, we can clearly see that the early
regime exhibits a stronger thermal activation than the later one. We will return to this
discussion in Section 6.5.2.
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Figure 6.5.5: Humidity-dependent WVTR slope vs temperature for both permeation
regimes. A change in activation energy is clearly visible. This strongly
suggests a change in permeation mechanics in the tests over time.
In order to inquire the bulk PET as origin of the temperature activation, another mea-
surement series is recorded on the pure substrate, without deposited ZTO barrier. Tests
are measured at all six humidities (as shown in Table 6.5.1) for 20 C. For 38, 60, and
68 C, only LiCl is used giving relative humidities around 10%. Since pure PET exhibits
WVTRs in the 100 g(H2O)
m2d
regime, test durations are very short and reliable values for
very high absolute humidities are difficult to obtain. Nevertheless, a clear trend should
be visible if thermal activation persists, especially because of the larger temperature
range used in the test. Figure 6.5.6 shows the results from this investigation displaying
PET WVTR vs absolute humidity for all conditions. We observe a linear behavior re-
gardless of temperature. This becomes apparent by the fitted line graph showing very
good agreement with the single data points. As a result, we conclude that neither the
bulk PET diffusion nor sorption at the PET-air interface can be the origin of the thermal
activation seen in Figure 6.5.2.
Next, the solitary influence of the ZTO is investigated. Unfortunately, studying a ZTO
barrier filmwithout a substrate is impossible. However, to exclude any influence of this
material, the interface in question can simply be removed from the system. By using
the PET side of the complete barrier film for Ca-Test evaporation. Ca-Tests are usually
evaporated directly on the barrier to suppress edge diffusion. If the test is evaporated on
the other side, water ingress follows a more direct path below the barrier as it diffuses
through 75µm of PET instead of 20nm of C60. This will be referred to as flipped-barrier
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Figure 6.5.6: a) Schematic depiction of the investigated system: PET substrate only.
b) WVTR vs absolute humidity for PET films at different temperatures.
The PET films are equivalent to ZTO barrier film substrates. No thermal
activation is observed. (Reprinted (adapted) with permission from [10].
Copyright 2016 American Chemical Society.)
geometry. As long as no barrier corrosion occurs at the ZTO-air interface, all thermal
activation effects arising from the pure ZTO should be visible. Again six humidities at
20 C and one at 38, 60, and 68 C each are used for the investigation. As Figure 6.5.7
shows, no signs of temperature activation are visible in flipped-barrier geometry even
though the same barrier is measured using the same test. Single data graphs also do not
show signs of corrosion or other barrier failure. We conclude that pure ZTO effects like
sorption or diffusion inside the pinholes as well as material restructuring cannot cause
the thermal activation observed before.
We have now disproved influences of PET sorption and diffusion as well as pure ZTO
on thermal activation of water permeation. By exclusion this allows us to place its origin
at the interface. The utter importance of the interface is further displayed in Figure
6.5.8 comparing the WVTRs of the very same ZTO barrier film in the same climates
for standard and flipped-barrier geometry. A clear difference is visible — the flipped-
barrier geometry samples exhibit WVTRs that are one order of magnitude higher than
their standard geometry counterparts. This cannot be due to an increased side diffusion,
because the test sides are not exposed to the aging climate. Instead, the atmosphere is
dried with silica gel at the edges, see 4.5.2.
Using Equation 2.3.11, the initial data of every test can be fitted to obtain the diffusion
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Figure 6.5.7: a) Schematic depiction of the investigated system: Flipped ZTO barrier
film. b) WVTR vs absolute humidity for flipped ZTO barrier films at dif-
ferent temperatures. The barrier films face the humid air directly with
the sputtered ZTO layers. This is considered flipped-barrier geometry. No
thermal activation is observed. (Reprinted (adapted) with permission
from [10]. Copyright 2016 American Chemical Society.)
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Figure 6.5.8: Comparison of WVTRs of ZTO barrier films in standard and flipped-
barrier geometry at different humidities of the aging climate: Flipped-
barrier samples show one order of magnitude higher WVTRs. Data taken
at 20 C. (Reprinted (adapted) with permission from [10]. Copyright 2016
American Chemical Society.)
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coefficient of the system. For this purpose the absolute water mass must be related to
the current of the Ca-Test. This is done in the following equation: [202]
I(t) = V a
"
h0   MCa
2Ca
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Here, V is the applied voltage, a is a factor for test geometry and Ca thin-film con-
ductivity, h0 is the initial Ca height, MCa and Ca are molar mass and density of cal-
cium, c1 is the water concentration below the substrate surface and l is the total barrier
film thickness. This approach has been shown to work well for permeation through
homogeneous media like polymers, but its application to a complex problem like this
might be questionable. As the theoretical background behind the equation does not
cover inhomogeneous, defect-driven barriers, any fitted parameters are averages over
the complete system. In order to get a rough estimate for the activation energy, a fitting
routine is applied nonetheless to the standard geometry ZTO barrier Ca-Test data sets.
The results are displayed in Figure 6.5.9. Diffusion constants D can be extracted for all
three temperatures — 7:7 · 10 14, 2:7 · 10 13, and 2:7 · 10 12 m
2
s
are obtained for 20, 38, and
60 C, respectively. Using equation 2.3.12 and extracting the slope from a linear data
fit, this yields an activation energy of 72 kJ
mol
. However, it should be clarified that this
roughly describes the thermal activation at the very start of the test. In fact, this method
cannot yield the activation energy for diffusion below the barrier. The reason for this
is simple: The fit depends on the transient phase of the test. To obtain the results from
Figure 6.5.9, data curves were reduced to the first few minutes to hours dependent on
the aging climate. The extracted activation energy presents an effective value of the
complete barrier system at test start. At this time, the detected Ca corrosion is situated
mostly below the defects and little diffusion along the interface is taking place. The
calculated activation energy can be thus understood as a transition value between a
diffusion dominated by the substrate at first and the interface at later times. Next sec-
tion, a different method is proposed to measure meaningful activation energies for both
regimes by simple WVTR investigations. Furthermore, we will gain additional insight
to the diffusion mechanism governing permeation far below the barrier.
In conclusion, ZTO barrier films are measured in different aging climates using the
electrical Ca-Test. Henry’s law is identified to describe sorption for high quality mois-
ture barriers. Thermal activation is observed in the tests, which show two distinct per-
meation regimes over time. A regime change over time is attributed to diffusion along
the barrier-Ca interface, which also causes thermal activation. Lastly, the importance of
the interface is made apparent: Equivalent barriers yield worse WVTRs by one order of
145
6 Barrier investigations 6.5 Moisture barriers in climate matrices
water vapor partial pressure [mbar]
d
i
u
s
io
n
 c
o
e

c
ie
n
t 
[m
2
/s
]
0 20 40 60 80 100 120 140 160 180 200
1E-14
1E-13
1E-12
60°C
38°C
20°C
ZTO barriers - transient fits
diffusion coeff. vs. humidity
Figure 6.5.9: Fitted diffusion coefficients for all ZTO barrier sample Ca-Test curves vs
humidity. The diffusion coefficient is solely dependent on the tempera-
ture. Horizontal lines mark the mean value at each temperature.
magnitude, if the interface is not incorporated in the test.
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6.5.2 ALD alumina single barriers
In the last section, ZTO barriers on PET are investigated in different aging climates.
By comparing the resulting WVTRs, the validity of Henry’s law is confirmed for water
sorption on those barrier films. In addition, a strong interface dependency of the diffu-
sion is found. Unfortunately, an activation energy for the steady-state diffusion process
cannot be ascertained from the available data. In this section, a different barrier film
— 20nm of ALD AlOx — is deposited onto rigid Ca-Tests as thin-film encapsulation.
A variety of aging climates is subsequently applied to the samples. This way, Henry’s
law can once again be validated for adsorption on this barrier system as well, allowing
the assumption of general applicability for pinhole-dominated barriers. Furthermore,
climates are chosen carefully to keep a constant absolute humidity while changing tem-
perature and relative humidity. As a result, the temperature activation of diffusion can
be studied directly in dependence of the WVTRs. This method yields activation ener-
gies for both regimes of the tests, showing a strong deviation. This is attributed to the
diffusion near the defects and after far lateral diffusion below the barrier. The activation
energy drops by almost a factor of 1:5 during the test, highlighting the domination of
an interface diffusion in later test stages.
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Figure 6.5.10:WVTR vs absolute humidity for 20nmALDAlOx single barriers as thin-
film encapsulation on glass substrates. A linear fit of the data is shown as
a dashed line. Good coincidence of data and fit validate Henry’s law for
water adsorption on this barrier system. Data taken at 38 C. (Reprinted
(adapted) with permission from [10]. Copyright 2016 American Chemi-
cal Society.)
In the following, electrical Ca-Test data are gathered and evaluated. For this purpose,
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Ca-Tests and thin-film encapsulating barriers are kept constant while only their aging
climate is varied between different samples. Ca-Test stacks used here resemble the one
depicted in 4.5.3c. Barriers are processed directly after Ca-Test deposition. 20nm AlOx
are applied in a plasma-enhanced ALD using the Sentech reactor and typical recipe
described in Chapter 4.2.2. As introduced in Section 6.1.1, a PET film is subsequently
glued onto the barrier to inhibit potential corrosion. In a first investigation, the aging
temperature is kept constant at 38 C and relative humidities are varied using six dif-
ferent salt solutions. Such a variation is used to change water partial pressure without
activating any temperature-dependent processes. As long as concentrations through-
out the test do not reach a saturation level, the WVTR behavior should reflect sorption
mechanics. Figure 6.5.10 displays the collected data. WVTRs mostly range in the inter-
mediate and upper 10 5 g(H2O)
m2d
regime, highlighting the good quality of this extremely
thin barrier film. Similar to the previous section, we clearly see a linear behavior of the
WVTR in dependence of the relative humidity. This once again shows the applicability
of Henry’s law. At this point, it can be assumed that Henry’s law is likely to apply for
all similar barrier systems, meaning single layer barriers with pinhole-dominated per-
meation, made from chemically stable materials. As the actual sorption takes place on a
polymer layer for ZTO as well as for the PET-protected AlOx, this poses another impor-
tant factor. However, ZTO films in flipped-barrier geometry (bare sputtered ZTO facing
the humid air) also show the same linear dependency which validates Henry’s law. In
summary, sorption on a polymer will likely lead to a direct proportionality between
the water concentrations inside and outside, but for more complex barrier systems, this
does not necessarily carry over to the WVTR. Moreover, application of Henry’s law
could be shown for at least one barrier system without polymer facing outward.
In a second investigation, both applied temperature and relative humidity are varied
in such a way that the absolute humidity of the test climate constantly stays at ap-
proximately 35mbar. Figure 6.5.11 shows the relative humidity over temperature for
curves of equal absolute humidity. In this plot, the chosen climates are also depicted
as single data points showing their good agreement. Choosing climates this way, the
same amount of water in the air is given for any sample regardless of temperature. As a
result, differences inWVTR can only result from thermally activated processes. Consid-
ering results from last section, we know that a thermal activation of sorption processes
does not occur on PET within the limits of this investigation. As PET films provide
the interface of the Ca-Tests to the humid air, thermally activated sorption can be ruled
out. Solely the thermal activation of diffusion processes remains as possible causes for
WVTR deviations. Again, contributions from the PET films can be excluded for the
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same reason mentioned above.
Figure 6.5.12 depicts all WVTRs in anArrhenius plot for both early and late test regime
as shown last section. Here, the WVTR is displayed on a naturally logarithmic y-axis
and the reciprocal absolute temperature ( 1
T
) is shown on the x-axis. In this plot, the data
sets nicely follow linear fits, meaning that an Arrhenius behavior from Equation 2.3.12
is given. The WVTR can be written as:
WVTR = A · e 
EA
RT : (6.5.2)
Here, A is constant and EA is the activation energy of our system. Considering Figure
6.5.12, this equation can be easily used to calculate EA if rewritten in the following way:
ln(WVTR) = ln(A)  EA
R
·
1
T
: (6.5.3)
The activation energies measured this way are 40 kJ
mol
for the early regime and 27 kJ
mol
for the late regime. This coincides well with activation energies for water diffusion in
other barrier systems in literature. [220,221] This investigation nicely displays the strong
influence of the interface and diffusion along it. When dealing with the degradation of
organic devices, the kinetics of water permeation must be kept in mind for all stages of
aging. Not only the WVTR changes with time, but the complete (predominant) diffu-
sion mechanism as well. This likely relates to a structural change as shown in Figure
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Figure 6.5.12: Arrhenius plot for WVTRs of 20nm ALD AlOx single layer barriers
at equal absolute humidity and changing temperature. Early and late
regime data points are depicted with linear fits for activation energy
acquisition. Data points nicely follow an Arrhenius behavior from
28:9–72:3 C. Activation energies of 40 kJmol for the early regime and 27
kJ
mol
for the late regime are calculated. (Reprinted (adapted) with permission
from [10]. Copyright 2016 American Chemical Society.)
2.3.4. It should be mentioned that the UV-curing epoxy glue presents another variable
in the test stack. However, a regime change several days into the test because of it is
highly unlikely.
In conclusion, electrical Ca-Tests are conducted on an ALD AlOx thin-film encapsu-
lation in different aging climates. A variation of humidities at a constant temperature
of 38 C yields a linear dependency between WVTRs and the humidity of the air. This
validates Henry’s law also for this barrier system, strongly suggesting a general applica-
bility for similar barrier structures. In another measurement, temperature and relative
humidity are varied to keep the absolute humidity constant. This way, WVTRs can be
measured at different temperatures with a constant water supply in order to extract
influences of thermal activation. Two activation energies can be ascertained this way.
They describe the thermal activation of diffusion at early stages near defects as well as
later stages below the barrier interface, respectively. A strong difference of a factor of
1:5 can be observed between the two, putting emphasis on the importance of interfaces
for barrier measurements and device aging alike.
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6.6 Correlation of device lifetime and barrier
performance
So far, we have looked at high quality moisture barriers in different aging climates to
investigate their permeation mechanics. However, no WVTR test can completely sub-
stitute a degradation experiment of actual devices. In the following section, highly
efficient OPVs are manufactured, encapsulated with ALD AlOx, and aged at different
climates. Using the same barrier as in the last section, this allows a calculation of the ab-
solute water amount it takes to degrade this particular solar cell type. In addition, slight
variations in OPV design reveal valuable insight to degradation mechanisms. Cr and
MoO3 adhesion layers yield slower overall degradation. From key parameter behavior
over time, an oxide development is still suspected at the cathode, but a delamination is
likely suppressed. Furthermore, careful choices of the aging climates allow distinction
of harmful gas species as well as an estimation of the amount of temperature activation
of the degradation process.7
6.6.1 Investigation details and preliminary measurements
Figure 6.6.1a shows the OPV stacks used during this investigation as well as their dif-
ferent encapsulation approaches and individual climates. A highly efficient DCV2-5T-
Me(3,3) absorber is chosen and embedded in an inverted (nip) cell stack. Record sin-
gle junction cells with this material reach efficiencies of up to 8:3%. [222] All cells are
processed onto ITO glass substrates for bottom contacting. Since these are to be encap-
sulated differently, a 36 sample wafer is cut prior to deposition, but not divided into
pieces. Thus, exposure to air for glass cutting after OPV manufacturing is avoided.
Three types of encapsulation are used: Glass-glass encapsulated references (with getter
in the glass cavity), ALD of 20nm AlOx with a PET film glued on against barrier corro-
sion, and only a glued-on PET film. The latter presents a reference to measure only the
natural barrier of the solar cell — its Al cathode. This barrier also presents a possible
measurement artifact when later comparing AlOx WVTRs to cell degradation. There-
fore, preliminary WVTR measurements are done using a bilayer barrier of Al cathode
and ALD film equivalents. As predicted in Chapter 2.3.3, the barrier is completely dom-
inated by the ALD film andWVTRs with and without Al films deviate by less than 30%.
This lies within the error margins of the electrical Ca-Test.
7The work presented here originates from the bachelor thesis of Timo Pfeiffelmann, which was super-
vised in the scope of this work. Amanuscript covering this investigation was accepted by Solar Energy
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(a) Device stacks. (b) Device burn-through.
Figure 6.6.1: a) Thin-films stacks of organic solar cells used in this investigation. Three
configurations are deposited with varying top layers. Different applied
top layer stacks are shown on the right. b) Optical microscope image of
an unencapsulated device suffering from a burn-through upon measure-
ment start. A manuscript covering this investigation was accepted by So-
lar Energy Materials and Solar Cells. Accordingly, copyrights will transfer
to Elsevier. Please see reference [15].
In order to confirm functionality of the OPVs, exemplary EQE and IV-data are shown
in Figure 6.6.2 for four cell types: With and without ALD thin-film encapsulation as
well as with and without Cr and MoO3 adhesion layers. First of all, we notice that
all cells are working well. The EQE shows contributions from both C60 and DCV2-5T
Me(3,3), partially reaching over 80%. IV-curves show good fill factors and no visible is-
sues through energy barriers, series, or parallel resistances. Overall efficiencies range in
the 7% regime. It should be mentioned that some distinct characteristics appear for dif-
ferent cell types: Incorporation of Cr and MoO3 adhesion layers leads to overall lower
EQE and lower jSC values. This is likely caused by additional absorption at the reflect-
ing back electrode, due to the high Cr extinction coefficient. Next, a significant increase
in EQE and jSC is witnessed for all cells subjected to the ALD process. Since the sam-
ples exposed to the deposition processed are heated to 100 C for approximately one
hour, this is likely caused by an annealing effect. This could for example manifest in
a restructuring of the bulk heterojunction. Lastly, it should be noted that cells with-
out significant encapsulation — only equipped with the Al cathode barrier — exhibit
Materials and Solar Cells. Accordingly, copyrights will transfer to Elsevier. Please see reference [15].
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lower efficiencies and high deviations. Since these devices degrade at comparably high
speeds, pre-degradation during characterization cannot be ruled out as a cause. At this
point it must be mentioned that all devices without additional encapsulation show fatal
deterioration effects during early aging stages. Reasons for this are not entirely under-
stood. A flaw in the measurement setup likely feeds high currents through the cells,
leading to burn-through effects and subsequent short-circuits, see Figure 6.6.1b. As a
result, no aging data are gathered for this system. Since highly detrimental effects are
not observed for encapsulated cells, this failure mechanism appears to be linked to wa-
ter ingress. Higher susceptibility to such burn-through effects develops above a certain
moisture threshold in the device. This could be linked to restructuring of the cathode
upon water entry and the occurrence of preferred conduction paths. The device can
heat up locally at such paths, leading to further restructuring or metal migration. This
could create a self-accelerating effect that explains sudden device failures only for un-
encapsulated samples.
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Figure 6.6.2: EQE (a) and jV-characteristics (b) of pristine cells. ALD barrier samples
show an increase in EQE. Samples with adhesion layers show lower EQE.
This is equally visible in the jSC . A manuscript covering this investiga-
tion was accepted by Solar Energy Materials and Solar Cells. Accordingly,
copyrights will transfer to Elsevier. Please see reference [15].
6.6.2 Degradation mechanisms analysis
Before climate-dependent analysis of aging is done, a general investigation shall be
performed on the degradation mechanisms themselves. Figure 6.6.3 shows how all key
parameters of the OPVs behave with time. Here, all exemplary data represents samples
with ALD encapsulation — with and without adhesion layers — measured at 38 C
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and 75%RH. All data are fitted using either stretched exponential decays or plain lin-
ear relationships, where appropriate. Just looking at the power conversion efficiency
, we see a non-linear aging behavior at the beginning, followed by a linear efficiency
decrease starting after 80–100h. Degradation happens strongly accelerated during the
non-linear burn-in phase. We will later see that there is a substantial intrinsic contri-
bution to this. Samples without MoO3 and Cr exhibit better initial performance, but
degrade faster in the linear regime. From the data curves, it is easy to estimate that the
cells with adhesion layers will exhibit a higher power conversion efficiency 400–450h
into the measurement. If an application scenario is assumed, these cells will likely pro-
duce more energy than their counterparts without adhesion layers. The worse initial
performance of the OPVs with adhesion layers can already be attributed to the addi-
tional absorption as explained above. Apart from this, we will now try a deconvolution
of the cells’ individual degradation pathways.
First, it should be mentioned that the open circuit voltage VOC is hardly degrading
for both device types. This already shows a certain stability of the individual absorber
molecule species. A comparison of aged and pristine EQE data confirms this assump-
tion. In Figure 6.6.4a, an equal EQE decrease can be observed over the complete spectral
range for both cell types. Continuing with the analysis, the ISC behavior over time is
extremely informative regarding the difference between the two cell types: The current
generated in cells without adhesion layers massively decreases over time. We can al-
ready estimate that the loss in efficiency is governed by this because over 70% of its
decrease until 300h originate from ISC loss. In contrast, cells with adhesion layers only
show a small burn-in decrease of the ISC , which almost stays constant afterwards. This
suggests that an active area loss, the way described in Chapter 2.2.3, can almost com-
pletely be suppressed by the adhesion layers used here. The fill factor behavior over
time gives further clues towards the actual degradation mechanism of cells with imple-
mented adhesion layers: Here, almost the opposite is seen compared to the ISC . While
cells with adhesion layers show a strong FF decrease, which is responsible for almost
70% efficiency loss until 300h, cells without adhesion layers exhibit minor losses. The
cause of FF loss is further illuminated in individual aging curves displayed in Figure
6.6.4b. Here, we can see that the series resistance increases for both cell types, which
confirms the assumption that degradation is mainly happening at the electrodes. As a
degradation of the transparent ITO electrode is unlikely, the observed behavior prob-
ably originates from the cathode. It should be mentioned that electrode conductivity
losses are of less consequence to the FF for cells without adhesion layer, as their overall
current also decreases, making the problem less apparent. However, cells with adhe-
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Figure 6.6.3: Individual aging curves of all key parameters of OPVs encapsulated with
20nm ALD AlOx:  (a), VOC (b), ISC (c), FF (d), and saturation (e).
Overall efficiency degradation is mostly driven by ISC and FF losses.
A manuscript covering this investigation was accepted by Solar Energy
Materials and Solar Cells. Accordingly, copyrights will transfer to Elsevier.
Please see reference [15].
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sion layer still show a slightly stronger series resistance increase. Aging data could be
explained by the following extrinsic degradation pathway: Both cell types exhibit an
oxide formation at the cathode-organic interface upon water ingress. This can already
cause increases in the series resistance. If no adhesion layers are implemented in the
stack, this leads to a delamination of the cathode and the active area below is lost com-
pletely. This causes strong losses in ISC . However, for cells with adhesion layers, a
delamination does not occur. The active area is largely conserved, but the additional
oxide at the degraded areas causes a strong FF loss. It is important to understand at
this point that less pronounced series resistance increase and FF loss are also appearing
for glass-glass encapsulated samples. However, the series resistance increases equally
in samples with and without adhesion layers, suggesting a different mechanism. The
— predominantly intrinsic — degradation of glass-glass encapsulated cells splits ap-
proximately into 50% ISC and 50% FF losses. Lastly, all cells share a minor increase
in saturation, which is faster for cells without adhesion layers. This can be explained
by metal diffusion. During the aging process, Al clusters are likely to diffuse into the
organic cell stack. This can decrease the parallel resistance and as consequence increase
the saturation. MoO3 — one part of the adhesion layers — acts as a metal diffusion bar-
rier. If a metal diffusion is inhibited in cells with adhesion layers, this easily explains a
mitigated saturation increase. Furthermore, restructuring and molecule agglomeration
can lead to layer roughening over time. This is likely to cause a decrease of the distance
between both electrodes in some places, resulting in a smaller parallel resistance.
Figure 6.6.5 displays single degradation data curves for all OPVs aged in a 65 C and
50%RH climate. Here, we can nicely compare how fast intrinsic and extrinsic degrada-
tion are proceeding. Glass-glass encapsulated samples show roughly the same degra-
dation speed independent of adhesion layers. However, samples with adhesion layer
show a slightly pronounced burn-in which correlates to a fast FF loss in the beginning.
This burn-in becomes stronger under the influence of atmospheric gases, because all
ALD encapsulated samples exhibit it. The burn-in phase thus divides into intrinsic and
extrinsic factors. An interaction of mechanisms could also be the case, but additional
measurements would be required to identify root causes. Looking at the overall degra-
dation of ALD encapsulated samples, the speed difference of efficiency loss between
samples with and without adhesion layer is striking. While samples with MoO3 and Cr
layers degrade almost as slow as those with glass-glass encapsulation, samples without
them degrade almost twice as fast. This already hints towards a strong climate depen-
dency of cells without adhesion layers. Devices with MoO3 and Cr layers on the other
hand exhibit only a weak dependency. This will be the subject of the next section.
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Figure 6.6.4: EQE (a) and IV-characteristics (b) of cells aged at 65 C and 50%RH. Pris-
tine and aged (1500h) data curves are compared for OPVs encapsulated
with 20nm ALD AlOx, with and without adhesion layers. Without ad-
hesion layers, the ISC loss is more pronounced. With adhesion layers, a
stronger drop in series resistance can be observed. Amanuscript covering
this investigation was accepted by Solar Energy Materials and Solar Cells.
Accordingly, copyrights will transfer to Elsevier. Please see reference [15].
Table 6.6.1: Aging characterization of OPV devices aged at 65 C and
50%RH: Aging durations T50 and T80 are shown until 50% or
20% of the initial efficiency are degraded, respectively. Addi-
tionally, the absolute amounts of water ingressmT50 are calcu-
lated until T50 is reached. All data is displayed for stacks with
and without adhesion layers. A manuscript covering this in-
vestigation was accepted by Solar Energy Materials and Solar
Cells. Accordingly, copyrights will transfer to Elsevier. Please
see reference [15].
OPV stack type T80 [h] T50 [h] WVTR [ gm2d ] mT50 [
g
m2
]
no adhesion layers 204 909 6:3 · 10 4 24
with adhesion layers 562 2213 6:3 · 10 4 58
Using the data shown in Figure 6.6.5 and the WVTR measured for a 20nm AlOx
barrier at 65 C and 50%RH, the absolute water amount mT50 for degradation can be
calculated. Assuming a constant WVTR of 6:3 · 10 4 g(H2O)
m2d
and knowing the pixel area,
mT50 only depends on the time until the cell is degraded to half of its initial efficiency
(T50). Table 6.6.1 shows the calculated values for mT50 for cells with and without ad-
hesion layer. T50 and T80 values are displayed as well for all cells measured at 65 C
and 50%RH. For OPVs without adhesion layer mT50 equals 24 mgm2 . This is in very good
agreement with values calculated by Klumbies et al. for similar devices using Zinc-
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Phthalocyanine as absorber — 20  7 mg
m2
. [27] Furthermore, the amount of water nec-
essary to degrade a cell with adhesion layer is more than twice as high than without
— 58 mg
m2
. This highlights the utter importance of the interface between organic layers
and cathode for OPVs and other organic devices. Surely, a thorough investigation can
reveal even more effective adhesive interlayers and even decrease the efficiency loss for
such cells by minimizing the amount of Cr used in the stack.
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Figure 6.6.5: Aging comparison of the power conversion efficiencies of different OPV
types in a 65 C and 50%RH climate. Cells with and without adhesion
layers are shown each with glass-glass and ALD encapsulation. Data
points are fitted with stretched exponential decays (lines). Degradation
speeds of ALD encapsulated cells with adhesion layers are almost equal
to those of glass-glass encapsulated cells. A manuscript covering this in-
vestigation was accepted by Solar EnergyMaterials and Solar Cells. Accord-
ingly, copyrights will transfer to Elsevier. Please see reference [15].
6.6.3 Aging in different climates
In continuation of this investigation, ALD encapsulated cells with and without adhe-
sion layers are aged at four different climates with distinct properties. Table 6.6.2 lists
them with short corresponding explanation. In particular, these climates are: 65 C and
50%RH— an ISOS-L3 standard condition [223]; 38 C and 53%RH— an important con-
dition in connection with the following two; 38 C and 75%RH — increasing the hu-
midity while keeping the temperature constant; and 48:2 C and 31%RH — which has
the same absolute humidity as a 38 C and 53%RH climate. These climates are also
chosen to work with saturated salt solutions and with respect to the abilities of the
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aging chamber. Measuring the degradation of two cells in the same temperature but
different relative humidity allows a rough assessment of the extrinsic root causes for
degradation. Here, water content changes while oxygen content stays constant. Thus,
degradation speed will only increase for a higher humidity, if water causes significant
degradation. For an oxygen-based degradation, the degradation speed will remain the
same.
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Figure 6.6.6: Aging comparison of the power conversion efficiency of ALD encapsu-
lated OPVs without adhesion layers in all investigated climates. Data
points are fitted with stretched exponential decays (lines). A strong influ-
ence of the absolute humidity of the climate is visible. A manuscript cov-
ering this investigation was accepted by Solar Energy Materials and Solar
Cells. Accordingly, copyrights will transfer to Elsevier. Please see refer-
ence [15].
Comparison of aging speeds for two temperatures with the same absolute humid-
ity allows a rough estimation of temperature-activated degradation processes. Figure
6.6.6 shows the efficiency data over time for exemplary cells with ALD encapsulation,
without adhesion layers, and for all four climates. We observe a strong dependency of
the absolute humidity. An increase in humidity always yields a faster degradation. At
the same time, the two samples with the same absolute humidity exhibit very similar
degradation speeds. This leads to the conclusion that water is indeed the main cause
of extrinsic degradation. Small temperature activation is visible for samples with the
same absolute humidity. This is likely a contribution from accelerated permeation as
we have seen in Section 6.5.2.
Figure 6.6.7 also displays exemplary aging data for ALD encapsulated devices in
all climates. Here, samples are shown which incorporate adhesion layers in their cell
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Table 6.6.2: Aging climates used for the degradation of organic solar cells. Absolute humidities
(AH) are calculated using Magnus formula (Equation 2.3.2). A manuscript covering
this investigationwas accepted by Solar EnergyMaterials and Solar Cells. Accordingly,
copyrights will transfer to Elsevier. Please see reference [15].
temperature [C] RH [%] AH [mbar] remarks
65 50 126 ISOS-L3 standard conditiona
38 53 35 same temperature / absolute humidity as
other conditions, see below
38 75 50 same temperature (38 C) as above
48.2 31 35 same absolute humidity (35mbar) as
above
a ISOS-L3 condition requires the sample to be kept at the maximum power point
throughout the whole measurement. Here, between measurements parallel mea-
surements necessitate open circuit conditions.
stacks. A glass-glass encapsulated reference is included for better comparison. Aston-
ishingly, the solar cell degradation seems to be almost completely decoupled from the
aging climate. Slight differences in aging speed actually correspond to the absolute
humidity content, but these are within measurement errors. The measurement in an
48:2 C and 31%RH climate unfortunately suffered severe problems and did therefore
not yield reliable data.
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Figure 6.6.7: Aging comparison of the power conversion efficiency of ALD encapsu-
lated OPVs with adhesion layers in all investigated climates. Data points
are fitted with stretched exponential decays (lines). Almost no influence
of the climate is visible. A manuscript covering this investigation was ac-
cepted by Solar Energy Materials and Solar Cells. Accordingly, copyrights
will transfer to Elsevier. Please see reference [15].
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In summary, highly efficient organic solar cells are produced and encapsulated with
glass or ALD thin-films. These cells are subsequently aged in different climates to in-
vestigate their degradation mechanisms. Losses in power conversion efficiency show a
strong dependency on the humidity of the aging atmosphere. This is induced by active
area losses and an increasing series resistance. A very distinct change in aging behavior
comes with the introduction of adhesion layers for the device cathode. For such cells,
almost no influence of the climate is visible, suggesting a lesser contribution of extrinsic
factors. At later stages, almost no active area loss can be seen here and the degrada-
tion is dominated by a FF decrease. Their aging behavior is likely caused by similar
mechanisms as for cells without adhesion layers: An oxide layer forms at the cathode
interface to the organic, however, a delamination is successfully prevented. This way,
OPVs with adhesion layers show almost the same degradation speeds as glass-glass
encapsulated cells. Furthermore, the absolute water amount for cell degradation is cal-
culated in correlation with corresponding WVTR values. Here, a good coincidence of
literature values is seen for cells without adhesion layers. Much higher values are found
for devices with adhesion layers. Overall high lifetimes of the cells highlight the appli-
cability of ALD for the encapsulation of organic electronics and the intrinsic stability
of typical small-molecule OPV stacks. Next section, similar cells will be investigated in
fully flexible device architecture. This way, results of the thesis so far can be applied to
a realistic problem.
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6.7 Fully flexible, highly efficient, encapsulated solar
cells
In order to bring the investigated encapsulation techniques to a realistic application,
fully flexible organic solar cells are produced.8 For this, a similar stack as in Section
6.6 is used and deposited on PPEN films. As a bottom barrier, the polymer substrates
are coated with 20nm AlOx. For a complete encapsulation, the samples are either thin-
film encapsulated with an equivalent ALD layer, or laminated with a second flexible
barrier afterwards. For this purpose, 20nmALDAlOx as well as a 150nmAl barrier are
used, each deposited on PPEN. This way, the effectiveness of different encapsulation
techniques can be quantified. Thin-film encapsulation and lamination can directly be
compared in the ALD-only samples. Additionally, Al lamination barriers from Section
6.4.3 can be tested on highly efficient OPVs, since the second Al barrier is laminated
directly onto the device cathode.
No ITO electrodes can be used in this case. For this reason, thin, transparent metal
electrodes are implemented at the stack bottom. These consist of: 20nm BF-DPB:F6-
TCNNQ (10wt%), 3nm MoO3, 1nm Au, 9nm Ag, and 0:5nm W2(hpp4). Afterwards,
the stack exactly follows the one shown in Figure 6.6.1a until the Al cathode. The trans-
parent metal electrode is motivated by work of Schubert et al. [111] A p-doped HTL is
introduced as bottom layer because the thin metal film stack is optimized as top elec-
trode. In order to equalize growth conditions, the HTL mimics the top device layer.
It is followed by MoO3 as seed layer and diffusion barrier for noble metal atoms. Au
poses as high surface free energy seed layer and Ag forms the actual electrode. Here, a
relatively thick layer of 9nm is chosen because of the PPEN substrate. As an n-dopant,
W2(hpp)4 is deposited as interface doping layer in case of energetic misalignments of
ETL and electrode. For comparison, the solar cells are also deposited on glass substrates
with ITO bottom electrode. Afterwards, these are encapsulated with getter-filled cavity
encapsulation glasses.
Figure 6.7.1 shows the power conversion efficiency over time in a 38 C and 50%RH
aging climate for all investigated OPVs. Perfect illumination with 1000 W
m2
is not pos-
sible for every sample in the climate chamber. The efficiencies are normalized using
the (mismatch-corrected) data from the setups described in Chapter 4.3.1. This way,
roughly correct efficiencies are depicted over all times in Figure 6.7.1. First of all, it
should be noted that all fully flexible OPVs exhibit excellent starting efficiencies of
8The results presented here originate from the project work of Fan-Yu Chen, which was supervised in
the scope of this work.
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Figure 6.7.1: Aging comparison of the power conversion efficiencies of different types
of OPVs. Glass-glass encapsulated reference degradation is compared to
that of fully flexible devices using ALD barriers and Al lamination from
Sections 6.6 and 6.4.3, respectively. All flexible devices show slow degra-
dation, especially in the case of encapsulation with ALD thin-films and
ALD films on PPEN. Data taken in a 38 C and 50%RH aging climate.
7–7:3%. This is a mere relative deviation of 1–5% compared to the glass-glass encap-
sulated reference (7:36%). Furthermore, all fully flexible devices show very good aging
characteristics. They exhibit only minor burn-in effects and degrade slowly afterwards.
Extrapolating their degradation behavior, the devices reach 50% of their initial efficiency
after approximately 6800h, 6300h, and 2000h for thin-film ALD encapsulation, lami-
nated ALD encapsulation, and Al barrier lamination, respectively. These are among
the most stable OPVs produced within the whole thesis. This is even more remarkable
since both sides of the devices allow water ingress. On all devices shown before, glass
substrates restricted water ingress to a single side and edge diffusion.
For all flexible cells, degradation is dominated by a loss in jSC (over 75% of the total
degradation). The glass-glass encapsulated reference shows a distinct burn-in that de-
grades roughly 80% of its initial efficiency within the first 100h. The exact cause for this
is unclear. However, the sample subsequently enters an extremely slow degradation
regime. The speed of degradation now compares well to that of the ALD encapsulated
samples. This suggest a degradation of ALD-only samples that is dominated by intrin-
sic factors. Water ingress seems largely negligible. Though the Al-laminated flexible
sample shows similar degradation within the early regime, it continues its linear de-
cent while ALD-only sample exhibit a stretched exponential decay. The sample can
potentially take on an equivalent behavior at a later time, but even a T50 of 2000h is
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a remarkable achievement using only Al layers on the opaque device side. The small
aging difference between the two ALD-only encapsulated flexible devices could be ex-
plained with slightly higher edge diffusion. Using thin-film encapsulation, only few
possibilities are given for water ingress from the sample edges. In case of a lamination,
the glue rim poses a much larger area for water uptake. In case of this investigation,
25µm tesa barrier glue is used which contains a getter material. A conclusive remark
can thus not be given on the matter as the getter likely reduces the amount of diffusion
from the sides.
In summary, fully flexible OPVs with high efficiency are produced and aged to apply
the encapsulation techniques investigated within this work to a realistic problem. They
show excellent properties with deviations in initial efficiency of less than 5% compared
to glass-glass encapsulated references. Three different device types exhibit highly sta-
ble aging behavior with T50 times of up to 6800h in a 38 C and 50%RH climate. For
these results solely 20nm of ALD AlOx single layer are applied on each device side.
This highlights the immense capabilities for moisture barrier applications of this depo-
sition technique. Furthermore, excellent aging characteristics are observed for opaque
Al lamination barriers as described in Section 6.4.3.
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Advances on the field of organic electronics have recently directed scientific focus to-
wards the topic of flexible moisture barriers. Devices such as organic solar cells and
OLEDs quickly degrade in ambient conditions if they are insufficiently protected from
corrosive gases — mainly water vapor. Though moisture barriers already exist today,
this particular application poses several new challenges that are highly non-trivial to
overcome:
1. Extremely high requirements: The maximumwater ingress over time for organic
electronics is approximately two orders of magnitude lower than any existing
technology allows.
2. Device demands: Not only must the required barriers provide extraordinary iso-
lation from external gases, their deposition has to take place on flexible substrates
as well. Furthermore, optoelectronic devices like OLEDs and OPVs require trans-
parency of the barrier on at least one side.
3. Quality assessment: Traditional techniques of measuring water ingress are insuf-
ficient in barrier development for this purpose. The protection from trace amounts
of water requires immense care and sensitivity regarding not only measurement,
but also preparation and transport of samples.
Within the course of this work, all above challenges are addressed and much insight
is gained regarding: The measurement of water ingress (using an electrical calcium cor-
rosion test), the development and permeation mechanics of barriers, as well as the en-
capsulation of devices and other methods for lifetime elongation. In the following, the
major findings of this thesis are summarized. Similar to the challenges, conclusions are
provided in three parts: Measurement of water ingress, optimization and application
of different water vapor barriers, as well as climate-dependent permeation and aging
mechanics.
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7.1 Measurement of water ingress
An electrical calcium corrosion test (Ca-Test) is utilized throughout this work to mea-
sure water permeation through barriers. On this setup, several significant improve-
ments are implemented. Accordingly, sensitivity and stability of the technique are
greatly enhanced. In Chapter 5.1, catastrophic test failure is observed and attributed
to barrier fracture. SEM images and an extensive variation of Ca-Test thin-film stacks
identify Ca expansion as the cause. This enables effective mitigation of the problem: A
second organic decoupling layer is introduced below the Ca sensor. This way, the ex-
pansion is absorbed in both directions by elastic C60 layers. Finally, thicker mechanical
decoupling and thinner Ca layers completely prevent barrier fracture. Another cause of
barrier failure is examined in Chapter 6.1. Ca-Tests encapsulated with ALD AlOx thin-
films exhibit a sudden electrical breakdown shortly after entering a warm and humid
climate. AFM images and XRR measurements reveal roughening and severe density
loss, causing defects to form. Micro-structural rearrangements and subsequent test fail-
ure are attributed to corrosion of the barrier itself. Low deposition temperatures during
ALD prevent damage to devices and substrates, but cause hydroxide group residues
in the barrier. Here, water can react upon exposure, spawning defects. This already
happens slowly in ambient air, but is strongly accelerated under damp heat conditions.
In order to protect barriers from corrosion, a total of nine different ALD and polymeric
layers are deposited additionally. While ALD layers partially exhibit beneficial proper-
ties, none can sufficiently mitigate the corrosion if deposited at equal conditions. As-
tonishingly, all polymeric layers exhibit full protection from corrosion independent of
thickness, surface free energy, or deposition technique. This highlights the important
role of the adsorption process for barrier stability. Lastly, a fundamental source of error
in all electrical Ca-Tests is discovered. (See Chapter 5.2.) Direct contact of Ca and Al
causes a corrosion element, leading to preferred Ca corrosion at the electrodes. This
induces an electrical bottleneck that causes WVTR overestimation. Though a corrosion
element cannot be prevented, the preferred corrosion can be relocated. Introducing
a full-area Cu layer below the Ca shifts the corrosion element to the Ca-Cu junction
— now the highest difference in electrochemical potential. Preferred corrosion now
happens equally over the complete Ca area, effectively negating the source of error. All
of the changes above greatly enhance applicability of thin-film encapsulation Ca-Tests.
Using this technique with all improvements implemented, extremely low WVTRs of
2 · 10 5 g(H2O)
m2d
are detected in a demanding 38 C and 90%RH climate. This emphasizes
the potential of the Ca-Test for low-cost but highly sensitive WVTR detection.
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7.2 Optimization and application of water vapor barriers
Within this thesis many different barrier systems are investigated. In the following
paragraph, a summary is given on the ones that are thoroughly optimized and applied
to OLEDs or OPVs. Many organic devices incorporate an opaque metal electrode. The
natural barrier quality of this layer motivates research towards utilizing it in a cost-
efficient encapsulation, see Chapter 6.4. While the growth of Ag and Al layers as bar-
riers is successfully improved by ultra-thin seeding sub-layers, an effective barrier is
only realized in a multi-layer approach. Here, a completely new concept is executed
and enormous WVTR decreases are achieved: Inferior serial processing of barriers is
exchanged for a parallel approach. If a second barrier is deposited independently, lat-
eral pinhole misplacement in consecutive layers happens naturally. Barriers processed
using this technique yield WVTRs as low as 1 · 10 4 g(H2O)
m2d
in an accelerated 38 C and
90%RH aging climate. Solar cells reflect this immense improvement with T50 times
of several months — 50 to 100 times longer than using a plain cathode. Due to its
highly conformal processing, ALD is established as highly promising for barrier man-
ufacturing within this thesis. However, resulting oxide films can show internal stress
build-up and lacking flexibility. Nanolaminates of alternating AlOx and TiOx single
layers are deposited on flexible substrates as well as OLEDs to optimize the barrier
qualities in Chapter 6.3. At low single layer thickness, strong instabilities occur, which
disappear at 1nm. Approximately here, an optimum is observed since much higher
values again lead to accelerated OLED aging. Varying the total thickness confirms the
successful mitigation of internal stress. This is further investigated using the recently
developed material class of molecular layer deposited thin-films. Deposited in thin
interlayers, MLD alucone tremendously enhances the resistance towards mechanical
stress. WVTRs down to the 10 5 g(H2O)
m2d
regime are observed on rigid Ca-Tests at 38 C
and 32%RH. Lastly, nanolaminates exhibit detrimental effects if deposited directly on
OLEDs using water precursors. Ozone precursors do not prove harmful on OLEDs,
but yield inferior WVTRs in Ca-Tests. Nanolaminate superstructures from ozone-based
and subsequent water-based parts combine both advantages. A 10nm thick barrier
layer uses ozone as precursor to protect the device from subsequently deposited 90nm
high-quality water-based nanolaminate. OLEDs encapsulated this way show less than
10% luminescence loss without dark spots visible to the naked eye after 2000h of am-
bient aging. This distinguishes ALD as high-end technique for barrier deposition. In
addition to ALD nanolaminates, ultra-thin single layer AlOx barriers from a plasma-
enhanced deposition process are investigated at several points within this thesis. As
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mentioned above, they reach a minimum WVTR of 2 · 10 5 g(H2O)
m2d
at 38 C and 90%RH.
Furthermore, equivalent layers are used to produce highly efficient, fully flexible or-
ganic solar cells in Chapter 6.7. Relative to glass-glass encapsulated references, starting
efficiencies of these cells lie less than 5% lower. This displays the good transfer capa-
bilities of organic electronics technologies onto flexible substrates and into industrial
processing. In addition, extremely slow degradation is observed for flexible ALD en-
capsulated cells. With only minor burn-in effects and low water ingress, long T50 times
of up to 6800h are estimated in a 38 C and 50%RH aging climate.
7.3 Climate-dependent permeation and aging
mechanics
During this work, several investigations are conducted in order to better understand
water permeation through high-quality moisture barriers as well as aging mechanics of
organic solar cells. For this purpose, different barriers are applied to Ca-Tests and OPVs
and aged in different climates. In Chapter 6.5.1, Ca-Tests using sputtered Zinc-Tin-
Oxide (ZTO) barriers on flexible substrates are exposed to an extensive climate matrix.
18 climates in total reveal adsorption to be governed by Henry’s law. Single test curves
show a split of permeation regimes with varying temperature dependency. In order to
pinpoint the origin of thermal activation, additional measurements are performed on
the substrate and flipped barrier films. Here, no activation can be seen, leaving only
diffusion at the interface below the barrier as possible explanation. When entering a
device or Ca-Test, water diffusion is first dominated by the polymer substrate and big
defect structures. At later stages, longer diffusion paths form because of completed
degradation reactions in defect vicinity. Here, a thin interface dominates the diffusion
process, likely changing diffusion constant and activation energy. In order to investi-
gate the behavior of the latter, Ca-Tests with ALD AlOx barriers are similarly subjected
to different climates in Chapter 6.5.2. Direct measurement of the activation energy at
later test stages becomes possible through careful choice of aging climates. Addressing
six temperatures at equal absolute humidity, it can be calculated as 27 kJ
mol
. This value
is compared to the early test regime with an activation energy of 40 kJ
mol
. Here, an as-
sumption is confirmed from the ZTO barrier investigation: The activation energy of the
diffusion process decreases over time as long interface diffusion builds up. Both these
measurement series highlight the immense importance of the barrier-device interface
during permeation processes. This is further emphasized within Chapter 6.6. Here,
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highly efficient solar cells are encapsulated with thin ALD AlOx barriers and subse-
quently aged in different climates. Besides simple Al cathodes, cells are equipped with
additional layers directly below to grant improved electrode adhesion. Though this in-
troduces parasitic absorption, the effect on aging behavior is significant: Degradation is
slowed bymore than a factor of two. While comparative Ca-Tests confirm literature val-
ues for absolute water uptake until T50 for cells without adhesion layers, twice as much
water must enter the improved cell stack for the same degradation. Normal devices
age mainly by active area loss — an oxide builds up below the cathode, leading to de-
lamination. However, improved devices show almost no loss in active area, but mainly
an increase in series resistance — an oxide forms, but the adhesion layers successfully
prevent a cathode delamination. Furthermore, climate-dependent aging proves degra-
dation in normal devices to be driven by water ingress — a strong dependency on the
absolute humidity is observed. Cells with adhesion layers on the other hand seem al-
most independent of the aging climate. This again accentuates the interface of barrier
and device and shows how both must be chosen with care for a long lifetime.
In conclusion, this work showcases how seemingly minute variations in processing
and composition of barriers and devices can make a vast difference for permeation and
aging mechanisms. Not only is the measurement of water traces well understood and
immensely improved, new barrier concepts and barrier integration in devices are in-
vestigated and implemented with great success. Beyond that, the permeation of water
through moisture barriers for highly demanding devices is studied in detail and found
to be governed by more than just the totality of defects. Climate-dependent aging of
barriers and devices pushes their interfaces into the foreground. Successfully establish-
ing long-living organic devices necessitates knowledge of both sides of this equation.
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8 Outlook
In this work, we have discussed how the lifetime of organic devices is influenced by
the quality of their encapsulation as well as their cathode stability. Since methods to
improve lifetimes is ultimately the goal of this thesis, there are logical steps how to
proceed in research. Largely, single layer barriers are investigated within the scope
of this thesis. Substantial WVTR decrease is unlikely to result from such systems if
processed at conditions that allow for deposition on polymers and devices. Working
on metal barriers has shown the potential of stacking several barriers to form tortuous
paths for diffusion. The same strategies can easily be applied to CVD, ALD or sputtered
single barriers: Especially parallel processing and subsequent lamination stands out as
a promising technique. On one device side, the additional lamination of a protective
polymer film proves necessary anyway for mechanical resistance. Encapsulation can
thus become a combination of two single barriers upon lamination.
Regarding multilayer barriers, a thorough climate-dependent Ca-Test investigation
could nicely complement research presented in this thesis as depicted in Figure 8.0.1a.
Multilayers are likely even more dependent on the exact barrier stack and need sub-
stantially longer measurement times, because of more interface interaction and longer
lag-times. However, measuring their climate-dependency could be valuable as they
present the predominant barrier technology. For this, the activation energy of the dif-
fusion should be measured in dependence of test time and interlayer thickness. An
alternative measurement shall be proposed here to save measurement effort: A well-
sealed gas volume without residual liquid water will keep its absolute humidity inde-
pendent of temperature, if surface adsorption can be neglected. Since the polymer sub-
strate will also take up water during the test, the volume should be sufficiently large.
A temperature-humidity sensor should also be sealed within the volume to measure
climate stability. This method could be used to easily asses activation energies by step-
wise temperature increases during aging and continuous WVTR monitoring. This is
also shown in Figure 8.0.1b.
Moreover, another interface at the cathode should be subject to further investigation:
The introduction of adhesion layers between Al electrode and the organic stack has
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Figure 8.0.1: Schematic depictions of a) multilayer barrier lamination and aging in dif-
ferent climates and b) proposal for a simple assessment technique for bar-
rier activation energies. If no residual liquid water remains in the supply
volume, the absolute water content will be constant in the air upon tem-
perature change.
shown great prospect. However, so far no optimization has been done on the interface,
as suggested in Figure 8.0.2a. Obviously, the Cr thickness should be kept as low as
possible to weaken parasitic absorption while giving the best possible stability. Addi-
tionally, further materials should be screened. Perhaps even a chemical complex can be
synthesized to specifically enhance adhesion between the top organic compound and
the electrode metal, preferably in a single monolayer. Enhancing device stability will
undoubtedly play a significant role for the market access of large-area, flexible organic
optoelectronics. Further work on the organic-metal interface is an obvious topic, be-
cause it presents the main cause of degradation. It should be mentioned that positive
annealing effects are witnessed for organic solar cells after deposition during research
for this thesis. This is shown in Figure 8.0.2b. For F4-ZnPc:C60, as well as DCV2-5T-
Me(3,3):C60 systems, heating devices at 100 C for approximately one hour in vacuum
yields substantial efficiency gain. Optimization of an annealing process could prove
advantageous for many types of cells, especially from small molecules.
Lastly, the most significant challenges for organic device encapsulation from mois-
ture remain flexibility and substrates. The production of high-quality barriers that stay
flexible even after long-time exposure to UV light and changing climates will dominate
future research. This is also connected to substrate stability. Aside from transparency
losses as visible in Figure 8.0.2c, polymer films often become brittle in outdoor condi-
tions. However, another issue is involved here: Though high quality substrates with
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Figure 8.0.2: Future research topics for organic devices: a) Stability enhancement by
the introduction of interlayers below the cathode for improved adhe-
sion, b) post-deposition annealing of devices at high temperatures for im-
proved efficiency, and c) finding suitable UV-stable low-cost substrates.
The photograph depicts an organic solar cell deposited on a PEN sub-
strate after over three months of continuous aging at 38 C and 50%RH
and simulated AM1.5G spectrum with 1000 W
m2
light intensity. The sam-
ple shows strong signs of yellowing.
low roughness and particle density exist (and are used in this work), they are expen-
sive. Especially for large-area OPV applications, the substrates constitute a significant
fraction of production cost, highlighting the need to process on low-cost films. This
also connects to the issue of cleanness during production. A cleanroom environment
is desired, but in most cases too expensive. Clever handling and process solutions are
imperative to reducing substrate requirements and contamination during production.
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List of abbreviations
For abbreviations of small organic molecules, please see Table 4.2.1.
AFM Atomic force microscope
AH Absolute humidity
ALD Atomic layer deposition/deposited
BET Brunauer-Emmett-Teller
BHJ Bulk heterojunction
Ca-Test Calcium corrosion test
CS Charge separation
CT Charge transfer
CVD Chemical Vapor Deposition
DOS Density of states
EBL Electron blocking layer
EML Emission layer
ETL Electron transport layer
EQE External quantum efficiency
HBL Hole blocking layer
HOMO Highest occupied molecular orbital
HTL Hole transport layer
IQE Internal quantum efficiency
ITO Indium tin oxide
IV Current-voltage
jV Current density-voltage
LUMO Lowest unoccupied molecular orbital
MLD Molecular layer deposition
OLED Organic light-emitting diode
OPV Organic photovoltaic
OSC Organic semiconductor
PET Polyethylene terephthalate
PHJ Planar heterojunction
199
PPEN Planarized and protected polyethylene naphthalate
PVD Physical Vapor Deposition
R2R Roll-to-roll
RH Relative humidity
RMS Root mean square
SEM Scanning electron microscope
SMU Source measuring unit
TMA Tri-methyl-aluminum
WVTR Water vapor transmission rate
XRR X-ray reflectivity
ZTO Zinc tin oxide
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List of most important symbols
 absorption coefficient
 power conversion efficiency
c1 water concentration below the substrate surface
D diffusion coefficient
E energy
EA activation energy
FF fill factor
h height of Ca sensor
I current
IS saturation current
ISC short-circuit current
J water flux
j current density
jSC short-circuit current density
kB Boltzmann constant
l total barrier film thickness
lCa length of Ca sensor
MCa molar weight of Ca
MH2O molar weight of water molecule
mT50 absolute water dose for degradation to 50% of initial efficiency
Pill power of illumination
p1 water vapor partial pressure outside the barrier
q elementary charge
R ideal gas constant
Rp parallel resistance
Rs series resistance
S sorption coefficient
SOPV saturation
T temperature
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t time
V voltage
VOC open-circuit voltage
wCa width of Ca sensor
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